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SUMMARY
The research reported in this thesis investigates the nature of 
trench excavation induced ground movements and th e ir adverse e ffect 
on adjacent buried pipelines. The factors affecting the 'in -service ' 
performance of buried pipelines are f i r s t  reviewed. This is followed 
by a review o f the available fie ld  data relating to ground movements 
induced by trench excavations.
A f in ite  element parametric study of trench excavation induced 
ground movements under undrained conditions is then presented. The 
models used are governed by linear e la s tic ity . The results indicate  
that the pattern and magnitude of ground movements are dependent on 
the soil properties, the excavation geometry and the in -s itu  stresses. 
These results show a very rapid build up of movement near the trench 
ends.
The results of a soil-p ipe interaction analysis demonstrate 
high concentrations of bending and shear forces near the trench ends. 
Analytical studies aiming to assess the interface slippage and the 
free rotations of the pipe jo ints show no s ignificant adverse effects.
The most important factors affecting the bending moments induced in 
the pipe are found to be the excavation depth, the soil in -s itu  stresses, 
the pipe position, the soil modulus and the re la tive  modulus of the soil 
and the pipe. An analytical study shows that the provision of rig id  
supports to the sides of a trench excavated in d ifferen t stages may 
result in fix ing  of the pipe curvature and lead to an overall increase 
of bending moments.
A procedure fo r estimating the maximum immediate strains in pipes, 
induced by adjacent trench excavations is f in a lly  proposed.
NOTATION
The following is a l is t .o f  the main symbols used. Other 
symbols are defined in the text.
A Cross-sectional area o f beam element
A-j , A2 Design parameters
M  Strain-displacement matrix
Elastic compliance matrix 
D Diameter o f pipe
[D ] Elastic r ig id ity  matrix or diagonal matrix
E(E') Young’s modulus for to tal (e ffec tive ) stress
analysis of isotropic e lastic  soil 
Ey, E^ j (Ey» E^) V ertica l, Horizontal Young's modulus fo r to tal
(e ffective) stress analysis of cross-anisotropic 
e lastic  soil 
Young's modulus o f pipe
Element force vector 
Global force vector
Shear modulus of isotropic e lastic  soil
Shear modulus of cross-anisotropic e las tic  soil
in a vertical plane 
G^ Shear modulus o f cross-anisotropic e las tic  soil
in a horizontal plane 
H Depth of trench
H.j Weighing coefficient
I Second moment of area
[ j ]  Jacobian matrix
Kg . Shear term
Ka Active earth pressure coeffic ient
KOj At rest earth pressure coefficient (to ta l stress)
Ko At rest earth pressure coefficient
[ kJ  Global stiffness matrix
[ k Element stiffness matrix
L Length of trench or length of beam element or
length of interface element 
[ l]  Lower triangular matrix
Bepding moments in'beam element 
Torque in beam element
RatiO Gy^ j / Ey (Gy^ / Ey)
Matrix containing the shape or displacement 
functions
Interpolation function for node i 
Ratio Eh /  Ey (E|!| /  Ey)
Released to tal loads per unit horizontal length 
Normal force in pipe 
Surface forces
Shear forces in beam element
Transformation matrix
Curvature of beam element
Compressibility ra tio  under uniaxial stress in
the principal directions
Backfill earth pressure ratio
Element surface area
Transformation matrix 
Undrained shear strength
Dimension!ess ground movement parameters
Strain transformation matrix 
Stress transformation matrix
Thickness of superelements 
Pore water pressure 
Element displacement vector 
Vector of changes in pore pressure 
Width o f the trench
Cartesian global co-ordinate directions 
Cartesian local co-ordinate directions 
Distance o f pipe from the. trench, face
Depth o f pipe burial
Unit weight of soil 
Unit weight of water
Cartesian shear strains
Global displacement vector 
Global modified displacement vector 
Characteristic displacements
Element nodal displacement vector 
Strain in pipe 
Bending strains in pipe
Normal strain in pipe
Cartesian strain vector 
Volumetric strain
Cartesian normal strain
Local co-ordinates of continuum element 
Angle of benching
Rate o f  increase of Ey with depth
Isotropic Poisson's ra tio  for to ta l (e ffec tive ) 
stress analysis
Cross-anisotropic Poisson's ra tio  in the horizontal 
plane for total (e ffec tive ) stress analysis
Cross-anisotropic Poisson's ra tio  in the vertical 
plane for total (e ffec tive ) stress analysis
Cartesian to tal (e ffec tive ) stress vector 
Cartesian normal total stresses
Cartesian normal effective stresses
Cartesian shear stresses
Relative rotation of adjacent beam elements
INTRODUCTION
Some of the older pipeline distribution systems have been in 
service for many years and in certain cases th e ir  durability  exceeded 
expectation. When these pipelines were installed  the ir 'in -service' 
environment was considerably d ifferen t than today. Some of the pipe 
materials used in the past were very b r it t le  and not su ffic ien tly  
corrosion resistant to withstand todays adverse environmental 
conditions. As a result of population growth and industrialisation  
the corrosiyeness of the ground, especially in populated areas has 
increased. The chemical interaction of the pipe material with the 
surrounding corrosive soil may result in substantial weakening of the 
pipe. Consequently, any form of major or minor ground disturbance 
may be su ffic ien t to cs^ use fracture of the buried pipe. Due to the 
expense of replacement o f the old pipeline systems, i t  is therefore 
necessary to develop rational procedures for estimating the effects  
of the d ifferen t factors controlling the 'in -service ' performance of 
these pipes in order that they be preserved and protected.
One of the most common causes o f ground disturbance which may 
induce su ffic ien t strains in a pipe to result in fracture arises from 
trench excavations made alongside buried pipes. The work presented 
herein aims to investigate the adverse e ffect of trench excavation 
induced ground movements on adjacent buried pipelines. The sparse 
lite ra tu re  on the subject is supplemented by consideration o f the 
analogous f ie ld  of deep wide excavations which is well covered by 
recent publications. The influence of trenches or shallow narrow 
excavations on nearby pipes is studied in this thesis mainly by a 
theoretical treatment based on f in ite  element simulations of the s o il-  
pipe interaction problem. The soil is modelled by a lin ear-e las tic  
incompressible solid thereby simulating a saturated clay subjected to 
short term unloading changes. Total stress changes allow a s lo t to be 
"cut" in the soil thus simulating the excavation of a trench. Cross­
anisotropy and linear heterogeneity of the soil are also modelled. 
Accordingly, the study described in this thesis applies practica lly  only 
to the "immediate" condition of undrained unloading of a saturated clay 
or conceivably to the impractical theoretical condition of a perfectly  
immediately propped trench where time-dependent changes cannot occur.
The parametric study o f the in fluence o f factors which may be 
in tu i t iv e ly  considered to a ffe c t the bending s tra ins  in  a buried pipe 
alongside a trench shows a number o f in te re s tin g  fea tu res .o f 
engineering s ign ifica n ce , namely:
( i )  skin f r ic t io n  between the pipe and so il has n e g lig ib le  
e ffe c t;
( i i )  free and locking jo in ts  may increase bending s tra ins  but 
not as much as tha t ind icated by the W inkler model;
( i i i )  s tra ins  induced in the pipe are not in  proportion to 
the ground movements;
( iv )  excavation procedures may have a profound e ffe c t e.g.
"good" ( r ig id ,  pe rfec t, immediate) propping in  the region 
o f the trench end may re s u lt in  increased bending moments 
induced in  the pipe on subsequent digging o f the next bay.
On the other hand p a r t ia l propping or f le x ib le  end propping5
or a lte rn a tiv e ly  end benching, may reduce considerably
the bending induced in  the pipe near the trench heading;
(v) while the influence o f cross-anisotropy alone (w ithout 
regard to in -s itu  stresses) is  moderate, the e ffe c t o f s o il 
heterogeneity is  considerable.
Drawing on the parametric study, a ra tio na l design procedure is 
suggested fo r  estimating the bending s tra ins  induced in  a buried pipe 
alongside a trench excavation in  a saturated clay in the sho rt term. The
method consists o f obtaining a design parameter A from a contour map
which re la tes the parameter to the pos ition  o f the pipe w ith  respect to 
the trench cross-section, and in se rtin g  the appropriate values in  an 
equation o f the form:
-  = A !' ° t  / 5 A 0-4V \ P /
The formulation does not include the pipe diameter which may 
affect the pipe deflection and accordingly this aspect should be 
studied and correlated with established solutions for laterally loaded
CHAPTER 1
1 THE INTERACTION OF TRENCHING INDUCED GROUND MOVEMENTS
AND BURIED PIPES
1.1 THE INFLUENCE OF GROUND MOVEMENTS ON BURIED SERVICES
One of the most common causes of fracture or loss of serv iceability  
of buried rig id  pipelines, is excessive straining of the pipe caused 
by d iffe re n tia l ground movements induced by nearby excavations (King 
et a l ,  1977; Crofts e t a l , 1977; Tarzi et a l , 1979; Needham and Howe,
1979; Howe et a l , 1980; Kyrou e t a l , 1980). The Fracture may normally 
occur under excessive bending strains or, in extreme cases, under 
excessive shear strains or a combination of both. Larger diameter pipes 
tend to be stronger in bending and they are more prone to crushing of 
th e ir circu lar cross-sections (Roberts and Regan, 1974).
Any form of excavation results in the re l ie f  of the in -s itu  stresses. 
Unless the excavation faces are adequately constrained by means of very 
elaborate and therefore expensive propping systems, movements of a three- 
dimensional nature w ill occur in the v ic in ity  of the excavation. As the 
soil-p ipe interaction requires compatible movements of the soil and the 
pipe, strains introduced in the pipe are dependent on both the magnitude 
and pattern of induced ground movements. Although the magnitude and 
pattern of ground movements are highly dependent upon the supporting 
system in the case of deep excavations, this does not apply in the case 
of re la tive ly  shallow trench excavations where control of the works is  
poor and the support system is highly ineffective in minimising ground 
movements. The deformation pattern of the trench excavation induced 
ground movements is highly dependent on the geometry of the trench, 
and is of crucial importance in defining the strains introduced in the 
nearby buried pipe. The constraint offered by the excavation ends results 
in a very rapid build up of horizontal movements towards the excavation, 
as well as vertical movements (Crofts et a l,  1977; Kyrou et a l , 1980;
Gumbel and Wilson, 1980), which consequently give rise to very high 
bending and shear strains in the buried pipe (Crofts et a l ,  1977).
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The mechanism of fa ilu re  does not obey any simple and well 
defined set of rules. Fracture of the pipeline may occur in the short 
term, i .e .  during or ju s t a fte r completion of the excavation, or in 
the long term, i .e .  sometime a fte r completion of the excavation, or 
even a fte r  reinstatement of the trench (Crofts et a l ,  1977; King et a l ,
1977). Evidence suggests that ground movements can be strongly time 
dependent (Gumbel and Wilson, 1980) and this underlines the in a b ility  
of the support system or even the backfill used fo r reinstatement of 
the trench to eliminate movements. Secondary effects such as stress 
accelerated corrosion (Harrison, 1977; Gray and Wilkins, 1978) or 
'locked in ' residual stresses (Needham and Howe, 1979) may introduce 
further complications to the fa ilu re  mechanisms. Some iron or steel 
pipes are covered by an anti-corrosion protective coating which may be 
damaged by the ground movements ( Galicki and Rutkowski, 1967). This 
in it ia te s  corrosion and results in gradual reduction of the pipe strength 
(King et a l,  1977). Vehicle loading in urban streets where roadside 
services are being repaired can introduce additional strains. The lack 
of effective support to the sides of the trench allows additional move­
ments and hence strains in the pipe. The proposal for accepting the 
EEC leg islation planning to increase the vehicle axle load is a major 
cause of concern in the U.K. (King et a l,  1977).
Only recently have ground movements induced by excavations been
identified  as an important cause of pipeline fracture (Crofts e t a l ,  1977;
Howe et a l ,  1980). Following a number of serious gas explosions in 1976,
an Inquiry was appointed by the Energy Secretary to examine the possible 
causes of such explosions (King et a l , 1977). The findings of the Inquiry, 
which were based on s ta tis tic a l evidence, suggested that about one-third  
of the serious gas explosions were caused by broken mains. Many of these 
gas explosions caused loss of l i f e  or damage to structures. A large 
proportion of the gas explosions were attributed to leakage of mains 
caused by ground movements induced by trench excavations. Fractures of 
gas distribution mains due to trench excavation induced ground movements 
were recently reported by Keith (1979), Needham and Howe (1979) and 
Howe e t al (1980). Investigations into the fracture of water-mains 
(Roberts and Regan, 1974, 1977) concluded that a large proportion of 
water-main pipe fa ilures were caused by d iffe re n tia l ground movements 
induced by ground disturbance. These investigations suggested that small 
diameter water-mains are more lik e ly  to suffer fracture than large diameter 
water-mains. Although there is no s ta tis tic a l evidence to prove that
ground movements induced by trench excavations can cause fa ilu re  of 
sewer and drainage pipes, observations of the mechanisms of sewer pipe 
fa ilu res (Gale, 1977; Lester / et a l , 1978} suggest that such, move­
ments could be the cause of pipe fa ilu re .
1.2 THE PROTECTION AND PRESERVATION OF EXISTING BURIED PIPELINES
About 80% of the old gas mains and most of the older water-mains 
are made of cast iron. This material has very good corrosion resistance 
properties and when properly laid  and free from interference can give 
many years of satisfactory service. However i t  ; is a b r it t le  material 
and is not installed  any more, having been replaced by more ductile  
m aterials. Due to the low strains cast iron can accommodate, i t  is 
particu larly  sensitive to ground movements induced by excavations. A 
gradual replacement of the old cast iron mains is  planned by the water 
and gas authorities. A rapid replacement would be an im possibility  
because of the enormous costs involved, the non-availability  of materials 
and manpower, and the disruptive effects of the replacement works. An 
estimated cost of £4,000 m illion a t 1977 prices would be required fo r  
the replacement of the old cast iron gas mains (King et a l , 1977). The 
cost of probable replacement of the old cast iron water mains is expected 
to be much higher.
Brittleness does not characterise only the cast iron mains. Most 
of the old sewer and drainage networks suffer from the same problem and 
in fac t they are more sensitive to ground movements because of the 
deterioration of the pipe materials (TRRL, 1979). Furthermore, due to 
the old age of these systems, i t  is possible that jo in t in f i lt r a t io n  
by soil fines has occurred^ resulting in jo in t stiffening (Needham and 
Howe, 1979) and subsequent loss of pipe f le x ib i l i ty .
A crude estimate of the overall cost of replacement of the old 
gas, water and sewage pipes suggests that up to £50,000 m illion would 
be required (TRRL, 197$). I t  is evident that such enormous expenses 
are not ju s tif ia b le  while preservation can prove to be an easier and 
much less expensive task. Failures resulting from excavation induced 
ground movements can certainly be minimised to a very lim ited extent 
provided careful consideration is given to a ll the facts which occur 
in such events.
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1.3 THE ROLE OF CONSTRUCTIONAL PROCEDURES IN THE ASSESSMENT OF
RISK OF PIPELINE FRACTURE
Although awareness of the problems associated with deep excavations 
has resulted in carefully selected constructional procedures (Burland 
and Hancock, 1977), the application of which avoided damage to nearby 
buried structures and services, l i t t l e  attention has been paid to the 
constructional procedures associated with shallow trench excavations.
In particu lar the propping systems provided are in most cases only capable 
of preventing collapse of the trench walls and in the large majority of 
cases completely ineffective in minimising ground movements. The 
extensive use of mechanical excavators essentially means that large 
lengths of the trench are excavated to fu ll  depth in one operation.
This induces large short-term ground movements which are not only 
irrecoverable by the introduction of the propping system, but are lik e ly  
to increase as time elapses. Furthermore excavation to fu ll  depth in 
one operation introduces very rapid build-up of movements near the 
excavation ends which results in high bending.and shear strains in the 
pipe.
There is an urgent need to improve the present trench excavation 
constructional procedures. R e lia b ility  of the constructional procedures 
w ill make the assessment of risk of pipeline fracture an easier task. 
Furthermore in cases of high risk of pipeline fracture, additional 
improvements to the constructional procedures can be suggested. Such 
improvements could be partia l propping or trench end benching. To 
achieve the above a clear understanding of the nature of ground move­
ments induced by trench excavations, the soil pipe interaction behaviour 
and the pipe material properties is essential.
1.4 A STUDY OF THE EFFECT OF TRENCH EXCAVATION INDUCED GROUND
MOVEMENTS ON ADJACENT BURIED PIPELINES -  A PREVIEW
In view of the foregoing, the research work reported in this  
thesis aims to:
( i )  investigate the nature of ground movements induced by 
excavations and especially trench excavations, taking 
into account the e ffec t of construction procedures;
( i i )  examine the e ffec t of excavation induced ground 
movements on adjacent buried rig id  pipelines;
( i i i )  assess the risk of pipeline fracture arising from 
excessive bending strains caused by ground movements 
following the r e l ie f  of in -s itu  stresses upon the 
excavation of nearby trenches, suggest simple rules 
of thumb to improve construction procedures and 
hence minimise the risk of pipeline fracture.
The fu lfilm ent of these aims is attempted using theoretical f in ite  
element models. Since the usefulness of such models depends upon th e ir  
a b ility  to predict real f ie ld  performance a clear understanding of the 
structure (pipe) and the soil properties are essential.
For this reason a b rie f review is carried out examining the pipe 
material properties and in s ta lla tio n  procedures which are very important 
factors in the theoretical simulation of the problem. Special attention  
is paid to the bending characteristics of the pipes, the jo in ts  and 
the loss of strength due to chemical attack. Since pipe fracture may 
result from a combination of causes, the factors that are lik e ly  to 
influence pipe fracture are b rie fly  examined (chapter 2). In addition, 
a review of the performance of deep excavations is carried out. Case 
histories, predictions and constructional procedures are described and 
the ground movement mechanisms, which are common to deep and shallow 
trench excavations, are examined more closely. This review aims to 
assess the performance of deep excavations and partly ju s tify  the 
constitutive relationships used in the theoretical simulation (chapter 3 ).
Justification  of the models and the computational procedures used 
is essential. Accordingly the two-and-three dimensional models adopted 
in this study and the computational problems associated with them are 
described. The constitutive laws describing soil behaviour are examined 
and the reasons fo r adopting linear e la s tic ity  in the models is  
explained (chapter 4 ).
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Calibrations of the models simulating trench excavation is 
achieved by comparing the theoretical results with f ie ld  data from 
the Manor Farm Tria l Trench at Surrey University. As a result of 
the good qualitative comparisons between theoretical and practical 
results, a parametric study is carried out examining the nature of 
ground movements due to excavations. The main variables are:
(1) trench geometry
(11) material (s o il) properties
(111) in -s itu  stresses
(iv ) constructional procedures (chapter 5)
The soil-p ipe interaction behaviour is c la rifie d  by means of 
a parametric study which in addition to the above variables includes 
the following variables:
(v) re la tive  stiffness of the soil and the pipe
(v i) pipe position in relation to the excavation
Simulation of the effect of free and locking jo in ts  and interface  
slippage is also introduced in the models. In addition a short study 
is carried out to assess the adverse effect of surface loading on a 
pipe buried adjacent to an excavation (chapter 6).
Based on the analytical results obtained, a sim plified design 
procedure fo r estimating the maximum strain in pipes induced by 
adjacent trench excavations is proposed (chapter 6). Recommendations 
are made on how to improve the trench excavating procedures and 
consequently minimise the risk of pipeline fracture. F inally  a 
retrospective examination of the risk of pipeline fracture due to 
trench excavations induced ground movements is presented*
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CHAPTER 2
2 BURIED PIPELINES: PRACTICE, PROTECTION, PRESERVATION
2.1 BURIED PIPE SYSTEMS AND PIPE FRACTURES
The history of pipe is probably as long as the history of 
c iv iliza tio n  (Bland, 1976) and evidence suggests that pipes were used 
by man over 6000 years ago (G ille t , 1977). The extent of the use of 
pipes has been associated with human hygiene and standards of liv in g .
Over 3500 years ago clay pipes were used for the drainage o f  the Royal 
Palace of Knossos in Crete and these pipes are s t i l l  in good condition 
today. Pipes were extensively used by the Romans fo r drainage purposes 
as well as for carrying drinking water (Bland, 1976). The Chinese f i r s t  
used pipes made of bamboo to transfer natural gas from cracks on the 
earth's surface to populated areas in order to heat water.
Today, pipelines are extensively used fo r drainage and sewage 
purposes and fo r the transmission and distribution of gas, water and 
o i l .  These pipeline systems represent a valuable buried asset (Gray and 
Wilkins, 1978). A large proportion of these systems were buried many 
years ago when environmental conditions were considerably d iffe ren t from 
those existing today (Howe et a l , 1980). From time to time, however, 
pipe fa ilures occur and numerous factors contribute to such fa ilu res .
Some of these factors, like  excavation works aiming to improve social 
amenities and cater for population growth, have been increasing in severity  
during the past decades (Needham and Howe, 1979). Preservation of the , 
existing systems is a necessity (Crofts e t a l,  1977) owing to the high 
replacement costs (Nutting, 1978; TRRL, 1979). An assessment of the' 
risk of pipeline fracture requires an understanding of the pipe material 
behaviour in relation to its  environment and use (G il le t ,  1977; Ewing 
and Jones, 1978). According to Needham and Howe (1979) a pipe fa ilu re  
is rarely related to a single cause and so a ll the factors contributing 
to pipe fracture should be closely examined in order to make a more 
re a lis tic  assessment of the risk of fracture due to one of these factors, 
such as trench excavation induced ground movements.
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A variety of pipe materials are used today. The present systems 
include pipes made of clayware, unreinforced or reinforced concrete9 
asbestos-cement, unplasticised P.V.C., pitch fib re , cast or spun iron 
and steel (Clarke, 1967). Recently, polyethylene, GRP and GRC pipes have 
been extensively used (Ewing and Jones, 1978; Richardson, 1980). The 
extent of the use of the d ifferen t pipe materials depends mainly on 
th e ir strength characteristics, th e ir resistance to chemical attack and 
th e ir cost. Clarke (1967) described the s u ita b ility  of d ifferen t material 
pipes fo r d iffe ren t services. Guidance relating to the resistance to 
chemical attack of the pipe i ts e lf  and of jo in ting  and bedding materials 
is  given by BSCP 2005 (1968) 'Sewerage' as shown in Table 2.1. Nutting 
(1978) gave an assessment of the influence of material resources and 
re la tive  costs on materials applications in the gas pipe industry.
Table 2.1 RESISTANCE OF PIPE JOINTING AND BEDDING-MATERIALS TO CHEMICAL 
AJTACK (extracted from CP 2005, 1968,'Sewerage1)
Ceramic
Cement*
and
concrete
Metal* 
Cast iron
Steel
Jointing
materials
Bedding
materials
63 
&  340 
539 
1143 
1634 
3921
486
3636
78
2035
1211
437
534
3505
3506
2760
494J
;:4
2
(Pt.
Clayware pipes and fittings
Bricks and blocks of fired 
brickeanh. clay or shale
Portland cement 
Sulphate resisting 
. Portland cement 
Concrete ■< High alumina 
cement
Supersulphated 
[cement 
Asbestos-cement pressure 
Asbestos-cement drain and 
sewer
Ductile iron
Cast iron vertically cast
Cast iron flanged pipes and
flanged fittings
Cast iron centrifugally cast
Cast iron S &  S drain
Steel pipes (not
galvanized)
Steel tubes galvanized or 
not galvanized
uPVC for cold water supply "I 
uPVC for general purposes /
Pitch fibre drain and sewer
Portland cement mortar*
Bituminous compositions') 
Iron or steel components* 
Rubber: 
natural
Chloroprene (neoprene) 
Butyl
Styrene-butadiene 
Butadiene/acrylonitrile 
Plastisolst 
Polyester resinf 
Polyurethanet
Polypropylenet
Epoxy
Concrete (Portland cement)
Gravels and sand 
Broken stone 
(excluding limestone) 
Broken bncx. 
Limestones (all)
tllpfTllllff
Acids Alkalis
OrfS- 
aolreo  t»
l i l t  wbd ails 
M  m- 
table rrmj Acids A k i k
Inapplicable
Resistance 
depends on 
jointing 
material, 
see below
Resists 
chemically, 
weak add  
e g. peat
Other cements 
as for
concrete pipes
Other cements 
as for
concrete pipes
O  ■ N orm ally suitable. P -  M ay require special prosactioo. 
*  Liable to  sulphuric acid attack in  the presence o f  septic sevapt.
E tpe n  advice desirable, c.p. from  specialist o r manufacturer. S -  Specially suitable.
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The pipe materials used fo r the large water distribution systems 
are basically cast iron, asbestos-cement, unplasticised PVC, steel and 
ductile iron. The biggest proportion of these systems consists of 
cast-iron mains, some of them la id  many years ago. Fig. 2.1 shows the 
proportion of pipe materials used for the existing water network in the 
Swindon area (Roberts & Regan, 1977). The gas distribution network 
consists of 200,000 km. of mains and about 80% of i t  consists of cast 
iron pipes (King et a l ,  1977). Cast iron is a very b r it t le  material 
and i t  breaks easily when subjected to any form of ground disturbance.
A replacement programme is planned by the British Gas (King et a l ,  1977) 
which w ill result in the substitution of the existing gas cast iron 
mains with more fle x ib le  materials lik e  polyethelene, ductile iron and 
steel. Fig. 2.2 shows the pipe materials installed  by the gas industry, 
between March, 1977 and March, 1978 (Ewing and Jones, 1978). The pipes used 
fo r drainage are mainly made of clay, concrete and GRP. Clay pipes are 
mainly used fo r chemical drainage because of th e ir high resistance to a 
variety of chemicals (G ille t , 1977). For the same reason, a large 
proportion of the pipes used in the sewage industry are made of clay 
(Bland, 1976).
’ O L Y E 1M O C
'D U C T IL E /  
GREY IRON
Fig. 2.1 LENGTH OF WATER MAINS IN 
SWINDON (a fte r  Roberts 
and Regan, 1977)
Fig. 2.2 GAS DISTRIBUTION MAINS
LAID MARCH 1977-78 
(a fte r  Ewing and Jones
1978)
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Ground movements induced by trench excavation, have been recognised 
as a major cause of fracture of gas mains (King et a l ,  1977; Keith, 1979; 
Needham and Howe,1979) and water mains (TRRlJ, 1979). No known fa ilu res  
of sewage or drainage pipes have been attributed specifica lly  to trench 
excavation induced ground movements. According to Richardson (1980) 
fa ilures of drainage or sewage pipes are usually reported i f  they are 
associated with complete collapse. Pipe fa ilures in the pressure systems 
of gas and water supply are more important though, since they can be 
associated with explosions or contamination of the drinking water. I t  
should be emphasised here that water and gas mains are buried at shallow 
depths where ground movements are of higher magnitudes than at greater 
depths where gravity sewers and drainage pipes are buried. I t  should be 
expected therefore that gas and water mains w ill be subjected to higher 
risks of movement leading to fracture. For this reason, particu lar 
emphasis is given in this chapter to gas and water mains and in particu lar 
th e ir  material characteristics.
Pipe materials are generally reviewed in this chapter and th e ir  
s u ita b ility  fo r d iffe ren t services is described. Flexible jo in ts  are 
used fo r buried pipeline construction for a variety of reasons. Their 
effect on the performance of a buried pipeline is examined. Buried pipe­
line construction practice may affect the durability  and "in service" 
performance of a pipeline, por this reason a general assessment of 
construction techniques, bedding, construction materials and handling 
operations is given. Corrosion may affect seriously the durab ility  of a 
buried pipe. A b rie f description of the nature of corrosion is presented 
together with a more detailed examination of stress accelerated graphitic  
fissure corrosion of cast iron mains. In order to obtain a more general 
idea of the influence of d iffe ren t factors on buried pipeline performance 
and th e ir  contribution to pipe fa ilu re , a general assessment of these 
factors is attempted.
The biggest proportion of pipeline fa ilures are due to excessive 
bending and therefore a b rie f description of the bending properties of 
d ifferen t pipes is presented. 'Locked in ' residual stresses imposed during 
the construction of the pipeline or subsequently by vehicle loading may 
reduce the safety lim its of the buried pipe. The causes of these stresses 
are b rie fly  examined. Assessment of the risk of pipeline fracture due 
to excavation induced ground movements , is d i f f ic u lt  due to the large 
number of factors affecting this soil-p ipe interaction problem. A 
sim plified method of assessing pipeline fracture due to trench excavation 
induced ground movements was presented by Crofts et al (1980).
This method is b rie fly  reviewed. F inally an.overall assessment,of the 
influence of buried pipeline practice on pipe performance, together with 
an evaluation of the available methods of assessing pipeline fracture due 
to excavation induced ground movements, is presented.
2.2 .PIPE MATERIALS
2.2.1 Cast Iron Pipes
At present the major proportion of the gas and water distribution  
systems are made up of cast iron pipes. Cast iron has been used extensively 
since the middle of the 19th Century (King et a l , 1977). Pipes were 
in i t ia l ly  cast in horizontal or inclined moulds and subsequently in vertical 
moulds. Centrifugally cast pipes (spun iron) came into operation in the 
early 1920's and they became available in a wide range of diameters. Cast 
iron pipes were produced and la id  in fa ir ly  large quantities until ttie 
early 1970's.
A description of the cast iron material properties was given by 
Ewing and Jones (1978). Cast iron is basically a b r it t le  material and 
fa ilu re  strains under tensile loading are usually less than 1%. Although 
buried cast iron pipes may perform adequately in the undisturbed s tate , 
they are very sensitive to ground disturbance. Bending fa ilures  
accompanied by transverse fractures are very common, especially in small 
diameter cast iron pipes (Roberts and Regan, 1974). Furthermore, 
bending stresses introduced by ground disturbance may cause fissure  
corrosion and subsequent fa ilu re  of cast iron mains buried in corrosive 
soils (Harrison, 1976; Gray and Wilkins, 1978).
A large proportion of the cast iron pipes presently buried in the 
ground are manufactured according to BS78 (1961) 'Cast iron spigot and
socket pipes (v e rtic a lly  cast) and spigot and socket f i t t in g s '.  They were 
manufactured in sizes 3-48 in . and in lengths of 9 and 12 f t .  An equally 
large proportion of buried pipes are made of spun iron described by 
BS1211 (1958) 'Centrifugally cast (spun) iron pressure pipes fo r water, 
gas and sewage'.
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Their sizes vary between 3 in . and 27 in . and th e ir  lengths between 
12 f t .  and 18 f t .  These pipes are s t i l l  used fo r drainage purposes.
BS78 (1961) and BS1211 (1958) w ill eventually be superseded by BS4622
(1970) ‘ Grejy iron pipes and f i l l in g s ’ which describes metric sizes of 
pipe from 80-700 mm. The B ritish standards describing cast and spun 
iron pipes specify internal and external coating of the pipes with the 
same coating m aterial. I t  should be emphasised here, however, that most 
cast iron pipes were buried in the ground without su ffic ien t corrosion 
protection since cast iron was believed to be inherently corrosion 
resistant (Gray and Wilkins, 1978).
The methods used to jo in  cast iron pipes can be classified  into  
three main types:
( i )  rig id  jo in t (turned and bored, flanged)
( i i )  semi-rigid jo in t (lead/yarn, Snodland)
( i i i )  fle x ib le  jo in t (Stanton-Wilson, screw gland, hook 
bolt set screw, bolted gland)
Fig. 2.3 SNODLAND JOINT FOR MAINS (a fte r  King et a l , 1977)
-Lead tipped natural 
rubber gasket
Fig. 2.4 STANTON BOLTED GLAND JOINT FOR MAINS (a fte r  King, 
et a l,  1977)
7658
Rigid jo in ts  re ly  fo r th e ir  leak-tightness on the m etallic contact 
of the two machined surfaces. With this type of jo in t , pipes behave as 
continuous beams when subjected to bending. Semi-rigid jo ints provide 
a certain amount of f le x ib i l i ty  and leak-tightness is achieved by lead 
and yarn insertions (f ig . 2 .3 ). According to King et al (1977), this  
type of jo in t has been used on over 50% of the gas distribution systems. 
Flexible jo ints may allow deflections up to 4° or 5°. The bolted gland 
jo in t fo r mains was introduced in the m id -fiftie s  and became the standard 
jo in t fo r cast iron pipes (King et a l,  1977). This jo in t is  triangular 
in section with a lead tip  and the gland ring is loaded by T-bolts 
(f ig . 2 .4 ).
2 .2 .2  Ductile Cast Iron Pipes
Around 1970, cast iron pipe manufacturers began to supply pipes made 
of ductile iron, a material fa r more fle x ib le  than grey cast iron. During 
the casting process of cast iron the em brittling graphite flakes are 
caused to spheroidize by the addition of surface active magnesium 
innoculants (Ewing and Jones, 1978). The d istinct difference of micro­
structure of grey and ductile iron is shown in f ig . 2 .5. Due to the 
graphite spheroidization, the strength and d u c tility  of the material improves 
considerably. Ewing and Jones (1978) suggested that fa ilu re  elongations 
of ductile iron may exceed 10%. In addition, the spheroidized structure 
is not affected by fissure corrosion phenomena.
Grey iron Ductile iron
Fig. 2.5 MICROSTRUCTURES OF GREY IRON AND DUCTILE IRON (a fte r  
Ewing and Jones, 1978)
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Ductile iron pipes are at p resen t.in s ta lled ,in .re la tive ly  large 
quantities (over 20%) in the gas and water distribution systems. They 
are available in sizes varying between 80 and .1,200 mm diameter, and 
lengths up to 5 m, as specified by BS4772 (1971) 'Ductile iron pipes 
and f i t t in g s '.  Ductile iron pipes are manufactured with fle x ib le  jo in ts  
in which a seal is achieved by means of a suitably retained rubber gasket. 
Rigid flanged jo ints are also used and they can cope with pressures up 
to 40 bar (BS4772, 1971).
2.2 .3  Steel Pipes
Steel pipe technology experienced tremendous advances during the past 
15 years, owing mainly to the need for high quality transmission lines  
fo r the North sea gas and o il industries. Although steel is not widely 
used fo r distribution in the U.K., Nutting (19/8) suggested that steel 
pipes w ill be more extensively used in the future because of th e ir  superior 
properties.
Steel is more ductile than ductile iron and is characterised by a 
high strength. This material is ideal fo r distribution operations under 
heavy tra f f ic  loading or soil movement. Due to its  d u c tility , pipes can 
be manufactured in larger lengths, thus reducing transportation and jo in t ­
ing costs. In addition, jo inting can be achieved by welding and leakage 
or pull-out problems can be eliminated. The in ternally  applied pressure 
in distribution mains mobilises only a very small percentage of the steel 
yie ld  strength and accordingly the jo in t weld does not have to be defect- 
free. Ewing and Jones (1978) described a partia l penetration welding 
technique in which the weld extends to 75% of the pipe w all. With this  
technique,successful jo ints can be produced using welders with only a 
short period of train ing. Corrosion protection of steel is ,a t  the moment, 
an expensive contract item. Although its  corrosion resistance may improve 
by alloying, such a treatment is avoided because welds are more d i f f ic u lt  
to make (Nutting, 1978).
At present, steel pipes are manufactured according to the specifications 
given by BS3600/1/2/3/4/5, (Codes of practice fo r steel pipes and tubes).
They cover sizes up to 2,200 mm diameter and random lengths, sometimes in 
excess of 7 m.
2 .2 .4  Clay Pipes
Clay is without any doubt the oldest material used in pipe 
construction. Clay pipes are extensively used for drainage and sewage 
purposes owing to th e ir excellent chemical properties (G ille t ,  1977) 
and comparatively low costs. A description of the manufacture and 
characteristics of clay pipes is given by Bland (1976). The s u ita b ility  
of clay pipes fo r chemical drainage was examined by G ille t (1977).
Although there are many types o f clay available only a few are 
suitable fo r the manufacture of pipes. No problems associated with 
material a v a ila b ility  are lik e ly  to influence clay pipe construction in 
the future. Clay pipes are manufactured either plain ended or socketed. 
After clay preparation, which includes mixing with water and extraction  
of a ir  from the plastic mixture, pipes are formed under high pressure 
extrusion. The subsequent drying and fir in g  operations cause pipe 
shrinkage and i t  is extremely d if f ic u lt  to control accurately the fin a l 
pipe dimensions. Modern clay pipes are adequately v it r i f ie d  basically  
due to the high extrusion pressures, but in certain cases, ceramic glazing 
or sa lt glazing is applied in order to improve th e ir appearance and 
impermeability. Clay pipeline construction is made easy by the use of a 
f le x ib le  push-in jo in t ( f ig . 2.6) and the a v a ila b ility  of a wide range 
of f it t in g s .
R u b b e r  S e a lin g  R ingP o ly e s te r
R u b b e r  G a s k e t  
'O 'R in g P o ly p ro p y le n e  S le e v e
R u b b e r  S e a lin g  R ing
f tg ,  2.6 '0 ' RING AND SLEEVE JOINTS (a fte r  
Bland, 1976)
Clay pipes are b r it t le  and care is required in th e ir handling and 
laying operations. Their strength during th e ir service l i f e  is  governed 
by th e ir  a b ility  to withstand crushing. According to BS65 and 540 Part 1 
(1971) ‘ Clays drain and sewer pipes including surface water pipes and 
f i t t in g s ',  the pipe cross section should be designed to carry specified 
crushing loads which vary with the pipe diameter. The requirements do 
not cover pipe fa ilu re  to excessive bending strains. Clay pipes are 
rarely used in pressure distribution systems, but BS65 and 540 Part 1
(1971) necessitate pressure, deflection and shear resistance tests to 
ensure that a buried clay pipeline is adequately impermeable.
The hydraulic properties of clay pipes are comparatively good. 
According to Bland (1976), th e ir hydraulic roughness can be reduced 
considerably i f  ceramic glazing is used. One of the biggest dangers 
sewage pipe materials are subjected to is chemical attack by acids and 
sulphates. Such dangers are very small when clay pipes are used and 
G ille t (1977) suggested that clay pipes can be designed to cope with a 
variety of chemical effluents from experimental laboratories and industrial 
units. Clay pipes are particu larly  suitable to carry hot effluents because 
they have a low coefficient of thermal expansion and any longitudinal 
movements can be accommodated by the jo in ts . I t  should be noted that 
clay pipes are not softened by hot effluents. Another big advantage of 
clay pipes is th e ir du rab ility . According to G ille t (1976) i t  would take 
up to a m illion years or more fo r a fired  clay pipe exposed to the weather 
to be converted back to plastic clay.
2*2.5 Concrete Pipes
Concrete is a re la tive ly  cheap and strong material and reinforced 
concrete pipes are preferable when large diameter high strength pipes 
are required. Their manufacture is specified by BS556 Part 2 (1972), 
'Concrete cylindrical pipes and f itt in g s  including manholes, inspection 
chambers and street g u llie s ', and they cover nominal internal diameters 
from 150 mm to 1,800 mm and effective lengths from 0.9 m to 5 m according 
to the pipe diameter. Concrete pipes are suitable fo r the conveyance of 
sewage and surface water and they constitute a very large proportion of 
the sewage and drainage systems. Unreinforced concrete pipes are very 
b r it t le  while reinforced concrete pipes are more resistant to tensile  
stresses (Clarke, 1968). Concrete pipes are particu larly  susceptible to 
chemi cal attack by aci ds.
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2.2.6 Asbestos -  Cement:Pipes•
Asbestos-cement pipes are used for sewerage and water supply.
Sewage and drainage pipes according to BS3656 (1973) 'Asbestos-cement 
pipes, jo in ts  and fit t in g s  for sewerage and drainage', cover a range 
from 100 mm to 915 mm nominal internal diameters. Standard lengths are 
4 m and 5 m. These pipes are available a t three d iffe ren t strengths and 
they can be obtained plain or coated fo r increased chemical resistance.
Pressure asbestos-cement pipes conform to BS486 (1973) 'Asbestos- 
cement pressure pipes', and they are more commonly used for water supply.
They are available in a variety of lengths and diameters covering sim ilar 
ranges as in sewage pipes. One of the main advantages of asbestos-cement 
pipes is th e ir lig h t weight.
2 .2 .7 Glass Fibre Reinforced Concrete Pipes
These concrete pipes are reinforced with glass reinforced polyester 
resin laminates and due to th e ir high strength they are particu larly  
suitable for high loading conditions. Such conditions arise when high 
surcharge loadings are imposed, and when the quality of bedding and back­
f i l l in g  is unlikely to reach the required standards. One of the major 
advantages of these pipes is the a b ility  of the glass/polyester laminates 
to deal with wide and sudden d iffe ren tia l stresses. Glass fib re  reinforced 
concrete pipes are characterised by crack widths of re la tive ly  high magnitude. 
This is part of the design principle and i t  is a safeguard against sudden 
point loading. The jo in t used for this pipe is very fle x ib le  in draw 
and slew while i t  remains w ater-tight and free from corrosion. Glass fib re  
reinforced concrete pipes are available in diameters from 225 mm upwards.
2.2 .8  Unplasticised PVC Pipes
The material used for the manufacture of PVC pipes consists 
substantially of polyvinyl chloride. Unplasticised PVC pipes are fle x ib le  
and they deform easily when la id  with shallow cover or near trees 
(C larke ,!968). These pipes are mainly used fo r drainage purposes and they 
have lim ited applications in the water distribution system. The properties 
that give fle x ib le  pipes th e ir longitudinal f le x ib i l i ty  may resu lt in 
excessive deformation of the cross-section and i t  is necessary that the
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pipes are given adequate.bedding and side support,since, i t  is from those 
that they principally  derive th e ir strength
UPVC pipes are manufactured according to the specifications given 
by BS4660 (1973) 'Unplasticised PVC pipe underground drain pipe and f i t t in g s '.  
This standard covers pipes of 100 mm and 150 mm nominal internal diameters 
and lengths of 1 m, 3 m and 6 m. I t  is interesting to note that adaptors 
are available for connecting UPVC pipes to other materials lik e  asbestos 
cement, cast iron, clay and pitch fib re .
2.2.9 Polyethylene Pipes
Polyethylene is one of the la tes t materials to be used in the 
distribution systems. This material is extensively used by British Gas 
( f ig . 2.2) and i t  was f i r s t  introduced in the gas industry in 1969 (King 
et a l ,  1977). Polythene, being a thermo-plastic polymer possesses 
considerable technical advantages over iron and steel, but its  cost is 
linked to the primary raw material -  o il and natural gas. As Nutting 
(1978) suggested, thermoplastics are lik e ly  to increase markedly in price 
due to the forthcoming o il and gas shortages and the present emphasis on 
polymer pipes could be re la tive ly  short lived.
The characteristics of polyethylene pipes used in the gas industry 
are adequately described by Ewing and Jones (1978). Polyethylene is a 
low strength material and very ductile since i t  can atta in  tensile  stresses 
up to 8001. Pipes made of th is material are not reinforced, but they are 
particu larly  suitable for the medium and low pressure systems, (Hollaway, 
1980). Polyethylene pipes are extremely tolerant to surface damage - 
incurred during the handling and in sta lla tion  processes. This was c learly  
demonstrated by a pressure test on notched pipe specimens (Ewing and Jones,
1978)
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I t  is interesting to note that defects up to ZQ%. of ..the pipe wall thickness 
have l i t t l e  e ffect on the pipe strength ( f ig . 2 :7 ): Jointing defects can 
be the cause of crack in itia t io n  and propagation of b r it t le  crack a t high 
speed along the pipe. The c r it ic a l hoop stresses for such a type of 
fracture were determined experimentally (Ewing and Jones, 1978) and they 
decrease with increasing pipe diameter ( f ig . 2 .8 ). For this reason pressure 
lim its  are currently allocated to pipes up to 500 mm (f ig . 2 .8 ), and i t  
is evident that a considerable safety margin exists when pipes are 
pressurised up to these lim its .
pressure limits- for 
standard diameter ratio  
17 polyethylene pipes
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A major disadvantage of polyethylene pipes is that they creep under 
ambient temperature. Elongation of the pipe takes place even under small 
loads, and f in a lly  the pipe may f a i l .  Due to the fact that gas pipes are 
designed for a 50 year service l i f e ,  an assessment of the pipe creep 
performance is necessary. Ewing and Jones (1978) presented creep-rupture 
characteristics of polyethylene pipes from tests carried out a t 20° 
having a duration up to 10,000 hours ( f ig . 2 .9 ). I t  can be seen from 
f ig . 2.9 that extrapolation of the 50 year c r it ic a l hoop stress can be 
achieved. For safety reasons the design stress is only a fourth of the 
extrapolated 50 year hoop stress.
Polyethylene stress rupture can be accelerated by increased 
temperature. This is demonstrated in f ig . 2.10 where the downturn in the 
creep-rupture curves demonstrates crack fa ilu re . The 20°C and 50°C curves 
are based on experimental data while the 80°C curve is based on experimental 
data and extrapolation.
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One of the main advantages of polyethylene pipes is that they do 
not corrode. However they can be influenced by organic materials and 
chemicals in the external and internal environments of the pipe. Ewing 
and Jones (1978) describe tests aiming to c la r ify  the e ffec t of conditioning 
agents used in the gas system to control leakage of iron mains, onto the 
creep characteristics of polyethylene pipes. The tests showed no significant 
effec t of these agents but noted a significant deterioration of the 
material when carrying lig h t o i l .  The presence of bacteria in the soil 
does not a ffec t the strength of the pipes but can bring about changes in 
the colouration of pipe which may give rise to identifica tion  problems.
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2.2.10 G1ass Relnforced PI as t i  c Pi pes
Glass Reinforced Plastic (GRP) pipes have recently been introduced 
in the construction industry with considerable success. Specific 
information on th e ir  applications and characteristics is given by 
individual manufacturers (Redland, 1975). GRP pipes consist of thermo­
setting synthetic resins selected according to the corrosion duty require­
ment and are reinforced d irectionally  with high strength glass fib re  
filaments to give the required levels of strength both circum ferentially  
and longitudinally. They are thin walled pipes with high strength 
characteristics, high f le x ib i l i ty  and are of lig h t weight thereby fa c ilita t in g  
handling and in s ta lla tio n . They possess good hydraulic and heat resistance 
properties. They can res is t aggressive effluents and soils as well as 
the most common industrial chemicals and they are expected to give a useful 
l i f e  in excess of 30 years.
GRP pipes are usually manufactured in large lengths (10-12 m) and 
thus in sta lla tio n  costs are reduced considerably. They can be used fo r  
pressure application provided the appropriate pressure jo in ts  are used 
( f ig . 2 .11 ). GRP pipes are currently used for water supply, fo r sewer 
and tunnel linings for industrial e ffluent disposal and sewage disposal 
systems.
i
Fig. 2.11 PRESSURE JOINT FOR GRP PIPES 
(a fte r  Red!and, 1975)
2.2.11 Pitch Fibre Pipes '
Pitch-impregnated fib re  pipes are used mainly for building drainage 
and to carry industrial effluents. They are manufactured according to 
BS2760 (1973) 'Pitch-impregnated fib re  pipes and fitt in g s  fo r below and 
above ground drainage', which restric ts  pipe lengths between 1.5 m and
3.5 m. Pitch fib re  pipes are re la tive ly  small in diameter, the maximum 
diameter specified by BS2760 (1973) being 225 mm. They are highly
resistant to chemical attack from sewage and sulphates in the soil and 
also from many industrial effluents . They are strong and tough and also 
fle x ib le  without loss of water-tightness. Except for protection when 
buried a t shallow depths, concrete is rarely required for supporting or 
surrounding pitch fib re  pipes.
2.3 FLEXIBLE JOINTS
Clarke (1968) summarised the functional requirements of fle x ib le  
jo ints as follows:
" ( i )  They should be so designed to permit angular and axial 
movements of the pipes, or pipeline, large enough to 
to lerate the maximum displacement to which the pipeline 
may be subjected, without damage to the pipes or loss 
of water-tightness under the maximum internal or external 
water pressure to which the pipeline may be subjected 
in service, or at rest.
( i i )  They should retain th e ir efficiency throughout the useful 
life tim e  of the pipeline and hence be made with materials 
whose physical and chemical properties do not change 
considerably adversely with the passage of time in the 
internal and external environments to which they may 
be subjected.
( i i i )  They should retain th e ir efficiency under any vibration  
to which the pipeline may be subjected.
(iv ) They should be easily and quickly made, or unmade i^n 
the lim ited working space available in a trench with 
the minimum of individual adjustment."
Flexible telescopic jo in ts  fa l l  into two main categories: those 
which permit draw and those which do not. Joints fa llin g  into the second 
category are known as 'positive jo in ts ' and they can transmit axial forces 
through the length of pressure pipeline ( f ig . 2 .12). The majority of 
fle x ib le  jo in ts  u t ilis e  a rubber type sealing ring. Seal tightness is 
achieved by radial compression of the ring which introduces tensile  
stresses in the pipe socket or co lla r. This underlines the importance 
of adequate control of the width of the annular gap between the spigot 
and the socket during the manufacturing process. Variations of this gap 
may result in leakage or overstressing of the pipe socket. When the 
spigot and socket surfaces can be machined as in asbestos-cement and pitch- 
fib re  pipes, good jo ints are obtainable. Gap control in moulded pipes 
made of cast iron or concrete is more d if f ic u lt .  The problem is more 
intense in the case of clay pipes, fo r this reason cast p lastic  bearings 
are applied to both the spigot and the socket ( f ig . 2 .6 ). Another solution  
to this problem is the use of sleeve jo in ts  attached to the spigots of the 
adjoining double spigot pipes (f ig . 2.13)
The re la tive  rotations of two adjacent pipe sections (slew), depends 
on the average width of the annular gap and the depth of the socket. 
Rounding of the end of the spigot permits greater angular movements 
( f ig . 2 .14).
-Moulded P.V.C SleeveRubber O r*wj
Fig. 2.-12 FLEXIBLE JOINT IN 
CURRENT USE FOR IRON OR STEEL 
PIPES (a fte r  Clarke, 1968)
Fig. 2.13 WAVINTITE JOINT
/Rolttni; rubber O rlno  
“ ■■-V' ' • placed hers
Fig. 2.14 TROCOLL CORNELIUS JOINT
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Clarke (1968) suggested that the minimum angle of slew should not be 
less than
0“ = 0.2 .v£   (2 .1)
s DUp
where:
es is the angle of slew or re la tive  rotation
Lp is the length of the pipe segments
and Dp is the external diameter of the pipe spigot.
In addition he suggested that in normal conditions the minimum 
axial draw should not be less than 0.5 per cent of the pipe length and 
not less than +1 .0  per cent in areas subjected to subsidence.
One of the main reasons why fle x ib le  jo ints are used in buried pipe­
line construction is  to improve the structural performance of the pipeline  
in the long run, when subjected to d iffe ren tia l ground movements arising  
from d iffe ren t causes. I t  has been shown analy tica lly  that the use of 
fle x ib le  jo ints on long pipe sections may increase the bending moments 
on the pipe when subjected to horizontal ground movements arising from 
trench excavations (Tarzi et a l,  1979). In the long run, rusting of the 
jo ints (Clarke, 1968; Tarzi et a l,  1979) or in f ilt ra t io n  of the jo in ts  by 
soil fines (Needham and Howe, 1979) may result in jo in t stiffen ing  and 
partia l loss of pipe f le x ib i l i ty  which may improve the a b il ity  of the 
pipe to withstand bending moments induced by ground movements.
2.4 BURIED PIPELINE CONSTRUCTION
The method of laying a buried pipeline affects considerably its  la te r  
performance (Needham and Howe, 1979). A description of pipe laying
techniques was given by Clarke (1968). Underground pipeline construction
involves the placement of the pipe in an excavated trench or boring. The 
choice lie s  between:
( i )  A narrow trench
( i i )  A V-trench with narrow sub-trench
( i i i )  A wide trench
(iv ) A V-trench with wide sub-trench
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(v) A very wide trench 
(v i) In heading or tunnel 
( v i i )  A thrust boring
The choice is affected by several factors lik e  the presence of existing  
underground works or other obstructions, the contour of the pipeline route, 
the laying depth and soil conditions, the tra f f ic  conditions, length of 
haul fo r spoil or f i l l  and the favourable balance of costs of labour and 
m aterials. Generally narrow trenches require la tera l support and wide 
trenches involved large excavation quantities. Tunnels and thrust borings 
involve the minimum of excavation but underground construction is d i f f ic u lt  
and expensive.
The resistance of a buried pipe to loading depends prim arily on the 
pipe strengths and the manner in which the pipe is supported by the bedding. 
Experimental work carried out by Larsen (1979) showed that stresses in the 
pipe walls can be affected substantially by the type of bedding provided.
The selection, placing and compaction of the bed forms a very important 
task.
Clarke (196B) gave a detailed description of the bedding materials 
used fo r buried pipeline construction. These materials are basically  
reinforced or plain concrete, granular soils and compactible so ils . The 
essential requirements of a soil bedding material are that they should be 
uniform, free-draining and readily compactible, free from large or very 
fine particles and so disposed, as to prevent penetration of the bedding 
by wet, fine grained so ils . The soil bedding should be evenly spread and 
carefu lly  compacted around the pipe. The use of reinforced or plain concrete 
as bedding results in substantial increase of the crushing and bending 
strength of the pipe. Where a screed is provided a t the bottom of the 
trench this should be below the finished underside of the pipe barrel and 
clear of the pipe sockets in order to avoid pipe bending fa ilu res . In view 
of the probable irreg u la rities  of the pipe bed, the bedding material 
should be of adequate thickness in order to prevent the formation of hard 
spots.
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Improper handling of pipes may resu lt in damage of the pipe or its  
protective coating (Clarke, 1968). Evidence suggests that impact during 
transportation or insta lla tio n  of cast iron pipes could be the cause of 
microscopic cracks giving rise to premature pipe fa ilu re  in service 
(B ritton, 1980). Damage of the protective coating may in it ia te  corrosion 
which w ill a ffec t the durability  of buried metal pipes (Harisson, 1977).
In addition, damage during handling may introduce fa ilures due to excessive 
notching (Needham and Howe, 1979).
Experimental work carried out by Collins et al (1961), showed that 
the laying operation can affec t considerably the pipe performance. Improper 
lin ing  of the individual pipe sections may introduce high "locked in" 
stresses which reduce substantially the factor of safety of the pipeline.
2.5 CORROSION AND CORROSION PROTECTION OF BURIED METAL PIPES
2,5.1 The Nature of Corrosion
Corrosion can have a severely deleterious effec t on the durab ility  
of a buried pipeline (Harrison, 1976). Failure or loss of strength of a 
buried metal pipe due to corrosion has been recognised by Roberts and 
Regan (1974), Harrison (1976), Roberts and Regan (1977), Gray and Wilkins 
(1978) and Howe et al (1980). Corrosion may be defined as the destruction 
of a metal by an electrochemical reaction with the environment (Harrison, 
1976). I t  can normally occur when the metal is in contact with an 
e le c tr ic a lly  conducting liquid  which is usually water (Gray and Wilkins, 
1978). The rate a t which corrosion occurs depends mainly on the environment 
and the pipe material but the corrosion mechanism is basically the same.
I t  is recognised that internal corrosion of pipes may occur due to the 
conveyed flu id  but i t  w ill be assumed that such corrosion effects have 
negligible e ffec t on the performance of metal pipes which are mainly used 
for water and gas d istribution .
A description of the corrosion mechanism of iron and steel mains was 
given by Harrison (1976). Basically corrosion results in the destruction 
of the m etallic element iron by reaction with water to form a soluble iron. 
Corrosion can be evenly distributed over the pipe surface or have the more 
usual p ittin g  form. The form of corrosion dqaends mainly on the pipe material 
and the environment, but generally exposed cast iron pipes tend to retain  
th e ir geometry giving the impression that they suffered no corrosion while 
exposed steel pipes show obvious p ittin g  or perforation (Gray and Wilkins, 
1978).
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Thus in the case of cast iron pipes the misleading impression may be 
given that the original pipe material and strength are retained.
2.5 .2  Influence of the Soil Environment
The soil environment plays a very important role in the corrosion 
process of a buried m etallic pipe and understanding of soil conditions 
is essential in assessing the corrosion rates. Gray and Wilkins (1978) 
reported an investigation examining the extent of corrosion on f i f t y  iron 
pipe sections removed a t random from the gas distribution system. They 
observed that the depth of corrosion a t an individual s ite  was ambiguously 
related to the measured soil properties and they concluded that the 
corrosion extent cannot yet be determined by soil property measurements.
They observed, however that a correlation between corrosion and soil 
re s is tiv ity  was possible. According to Harrison (1976) the corrosivity of 
a soil is determined by its  degree of aeration, moisture content, e lectrica l 
re s is tiv ity  and heterogeneity. He suggested that soil re s is tiv ity  is  
probably the most important factor and low re s is tiv ity  soils tend to be more 
corrosive. Harrison (1976) classified d ifferen t soils and rocks according 
to th e ir modal re s is tiv ity  (table 2 .2 ).
Table 2.2 (a fte r Harrison, 1976)
Corrosivity classification o f soil and rock types
Rock or soil type* Modal resistivity Corrosivity
ohm cm classification
Alluvium 3500
Valley Gravel 2500 Aggressive
Bracklesham Beds 2600 Aggressive
London Clay 2750 Aggressive
Reading Beds 5000
Chalk (undifferentiated) 4400
Chalk Middle 6000
Chalk Lower 4000
Upper Greensand 2750 Aggressive
Gault Clay 2800 Aggressive
Kimmeridge Clay 2000 Aggressive
Corallion 2300 Aggressive
Oxford Clay 2000 Aggressive
Forest Marble 3900
Fullers Earth and Fullers Rock 2700 Aggressive
Inferior Oolite 3000 -Aggressive
Middle Lias Sands 4750
Swanmore Soil Series
*  A fter Geological Survey or Soil Survey.
Soils and rocks having a modal re s is tiv ity  less than 3,000 ohm were defined 
as aggressive. The correlation of the severity of corrosion on a buried 
pipe with soil resistance is  illu s tra ted  in f ig . 2.15 which shows the 
corrosion profiles of sections of a 48 year old pipe buried in the ground.
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Typical Corrosion P ro file s  of Shotb lasted Pipe Specimens* 
all pipes a re  3" d iam eter h o r iz o n ta lly  c a s t g rey iron  
removed from a 1 0 m  len gth  of m ain a f t e r  A B y rs
Fig. 2.15 THE VARIATION OF PIPE CORROSION WITH SOIL RESISTIVITY (a fte r  
Harrtson, 1976)
The assessment of corrosiveness is d if f ic u lt  to achieve due to the wide 
variation of soil re s is tiv ity  over short distances. Gray and Wilkins (1978) 
suggested that in order to achieve a general appreciation of a soil 
character, survey intervals of three metres would be necessary on routes 
in urban zones, and of 100 metres in rural areas. They suggested that 
the long term v a lid ity  of these surveys can be destroyed by subsequent 
excavations and reinstatement with imported b a c k fill. According to 
Needham and Howe (1979), in rural areas, soils a t pipe depth tend to be 
the naturally occurring soils and about 7% of these soils can be c lassified  
as aggressive. The soil aggressiveness may be influenced by industrial 
waste, and i t  has been estimated that the presence of this industrial 
waste in town areas may a ffec t a further 13% of the buried metal pipes.
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2.5 .3 Influence of Pipe Material
The most common m etallic pipe materials used in the distribution  
systems are grey iron, ductile iron and stee l. These materials d iffe r  
chemically in^their metallurg ical^ structure and [therefore th e ir corrosion 
behaviour is expected not to be the same. (Gray and Wilkins, 1978) discussed 
results of tests on isolated pipe lengths which were exposed to known 
corrosive soils fo r periods of up to 13 years. Generally the results 
showed that:
( i )  the influence of the soil nature on the corrosion l i f e  of 
a pipe is stronger than the influence of the pipe materials 
tested;
( i i )  the corrosion rate slows down with time for each m aterial;
( i i i )  corrosion penetration in ductile iron sjows more quickly 
than grey iron and i t  is expected that ductile iron pipes9 
despite th e ir thinner walls^will la s t longer than grey iron 
pipes;
( iv ) i f  no corrosion protection is used perforation can occur 
in a 5-10 year exposure period;
(v) the spread and depth of corrosion may vary widely over the 
pipe length.
2 .5 .4  Graphitic Fissure Corrosion of Iron Mains
Corrosion of iron mains results in conversion of the iron elements 
to a corrosion product while the graphite within the iron structure remains 
unaffected. This process is termed graphitisation and Harrison (1976) 
suggested that tightness of gas mains is maintained unless mechanical 
disturbance disrupts the b r it t le  graphitic product. I f  grey cast iron 
is subjected to tension, graphitisation can become intensely localised and 
trench-like fissures may occur normal to the principal tensile axis. Due 
to the high sensitiv ity  of grey cast iron to notching, premature fracture  
of cast iron mains may occur especially when additional tensile stresses 
are imposed due to some form of ground disturbance.
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Gray and Wilkins (1978) reported experimental results which showed that 
stress fissuring may occur a t threshold values o f  40% ultimate tensile stress. 
They suggested that fissure corrosion occurs in a variety of environments 
and i t  is not specific to either corrodent or corrosion ra te . Graphitic 
fissure corrosion depends mainly on the stress levels and Harrison (1976) 
suggested that i t  is very d if f ic u lt  to predict where pipes are a t risk  
from soil corrosivity assessment only. He reported that most graphitic  
fissure corrosion fa ilures are due to bending stresses caused by the 
presence of hard objects in the pipe bed, vehicle loading and excavations 
( f ig .  2 .16 ).
ROCK. SOFT CLAY COMPACT
M A S O N R Y  SUBSOIL GRAVEL
M O D -LO W  CBR . HIGH CBR
F IS S U R IN G F IS S U R IN G F ISSU R IN G
C A Y IT Y
F IR M  C LA Y  
MOD. CBR.
•LO O SE POORLY  
COMPACTED F IL L  
L O W  C B R .
Fig. 2.16 TYPICAL GRAPHITIC FISSURE CORROSION SITES ON SMALL DIAMETER 
SPUN CAST GREY IRON MAINS (a fte r  Harrison, 1976)
Fissure' corrosion is a common phenomenon a fte r repair works to grey cast 
iron mains. This is caused by high stress levels introduced by the low 
backfill stiffness and Harrison (1976) underlines the importance o f high 
control of any repair works.
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No graphitic fissure corrosion of old p it  cast iron or newer ductile  
iron mains has been reported in the lite ra tu re . Experimental results 
showed that high threshold stress levels are required fo r graphitic fissure 
corrosion of ductile iron (Gray and Wilkins, 1978).
2.5 .5 Methods of Corrosion Control
Preservation of the pipe material through control of corrosion is 
mainly achieved by the use of external coatings or by e lectrica l protection. 
Detailed descriptions of these methods are given by Harrison (1976) and Gray 
and Wilkins (1978).
Coating materials are good e lectrica l insulators with adequate 
chemical strength and they are characterised by good adhesion properties.
The trad itional coatings fo r buried metal pipes,are based on bitumen or 
coal-tar enamels reinforced with a random mat !or glass fib re  strands. 
Polyethylene coatings are often used fo r pipes up to 300 mm, diameter.
These coatings are tough and resistant to mechanical damage but d if f ic u lt  
to repair on s ite . A variety of cold applied tapes are extensively used 
as coatings and they basically consist of a mastic layer which adheres 
strongly to the pipe surface and a backing PVC or polyethylene layer.
Cold applied tapes are particu larly  susceptible to damage a t elevated 
temperatures. Recently heat shrink sleeves and films have been extensively 
used fo r corrosion protection of d istribution mains. They consist of a 
polyethylene based plastic together with a mastic backing, which are applied 
to the pipe surface a fte r a heating process. Due to its  toughness, 
conformability and safe application, this type of coating is lik e ly  to be 
extensively used in the future.
Externally applied coatings are often damaged and this leads to 
in it ia tio n  of corrosion. Steel pipelines are always protected by cathodic 
protection which basically shifts the voltage between the pipeline and the 
earth in a negative direction. A detailed description of cathodic protection 
methods is gi ven by Harri son (1976).
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2.6 FACTORS INFLUENCING PIPE FRACTURE
2.6.1 Causes of Pipe Fracture
Fracture of gas and water mains as well as sewer and drainage pipes 
is a common phenomenon, especially in urban areas (Crofts et a l ,  1977). 
Although in the case of sewer and drainage pipes immediate replacement is 
not necessary unless complete collapse occurs, immediate action must be 
taken in the case of gas and water mains due to leakage problems. Owing 
to the high repair costs (Nutting, 1978) and the inconvenience to the 
public caused by fa ilu re s , understanding of the causes of pipe fa ilu re  is  
necessary i f  remedial action is to be taken. Recent research (Needham 
and Howe, 1979) suggests that rarely  a pipe fa ilu re  is related to a single 
cause. The probability of fa ilu re  of buried mains is heavily dependent on 
the stress levels resulting from the interaction between the pipe and the 
surrounding s o il. The stress levels in a pipe are a resu lt of combination 
of pipe characteristics, loading and environmental effects (table 2 .3 ).
Table 2.3 CAUSES OF STRESSES IN PIPES fa fte r  Needham and Howe, 127a)
C A U S E S  OF L O A D I N G  
( s in g l y  or to g eth er , in  c o m b in a t io n )
(A ) TRAFFIC
( b ) SYSTEM DISTURBANCE/ADJACENT EXCAVATIONS 
UNDERMINING SETTLEMENT
(c ) PULL OUT
(D ) IMPACT
(E ) PRESSURE
( f ) SOIL FORCES
E _N V I R O N  M E N T A L  E F F E C T S
(a )  SOIL PHYSICAL/ENGINEERING PROPERTIES
(b )  - SOIL DISTRIBUTION
(c ) MOISTURE/TEMPERATURE RESPONSE
(d )  SOIL CORROSIVITY
(e )  DEPTH OF COVER
( f )  PRESENCE OF OTHER BURIED PLANT
(g )  COMPACTION/BEDDING/BACKFILL 
:h) HANDLING
( i ) CHANGES IN GROUND WATER LEVEL
P -1 .-P E F A C T O R S
(a )  DIAMETER, WALL THICKNESS
(b )  STRESS/STRAIN PROPERTIES 
(SHORT AND LONG TERM)
(c ) SERVICE HOLES CORROSION DEFECTS ■
(d )  ENVIRONMENTAL STRESS EFFECTS
(e )  JOINTS/FITTINGS
( f )  INHERENT/APPLIED CORROSION RESISTANCE
According to Needham and Howe (1979) d iffe ren t combination of loadings 
are applied to a buried pipe, each cause producing its  own increment of 
stress. Two are the principal causes of pipeline fracture:
( i )  movement of the surrounding so il;  
a n d '( ii)  environmental attack
(Roberts and Regan, 1974, 1977; Needham and Howe, 19T‘f ) .  For metal pipes 
the environmental attack is in the form of corrosion reaction and a more 
detailed description of corrosion and corrosion protections of metal pipe­
lines is given elsewhere in this Chapter. Generally pipes should be designed 
to res is t chemical attack, since an attempt to control i t  a fte r  placement 
of the pipe is unlikely to give any positive results.
According to Needham and Howe (1979) ground movement can arise in 
two ways:
( i )  from unstable ground resulting from poor compaction, 
geological deformations, unstable slopes and 
consolidation;
and ( i i )  from ground being disturbed by excavations, tunnels and 
changes in surface loading.
Fractures caused by category ( i )  represent one-third and fractures 
caused by category ( i i )  two-thirds.
When a pipe is subjected to excessive loading^which may be the 
resu lt of d iffe ren tia l ground movement, i t  fa ils  under a mechanism which 
is characteristic of the pipe properties and the type of loading. Generally 
small diameter pipes tend to fa i l  under bending while large diameter pipes 
are prone to crushing of th e ir c ircu lar cross-sections (Roberts and Regan, 
1974, 1977- Needham and Howe, 1979). Flexible pipes tend to fa i l  under a 
buckling mechanism (Gumbel, 1980). Clarke (1968) presented in tabular 
form the most common types of rig id  pipe fa ilu re  with corresponding 
probable causes (table 2 .4 ).
Table 2.4 TYPES AND CAUSES OF RIGID PIPE FRACTURES (after Clarke, 1968)
Type of 
failure
Appearance Cause Preventivemeasures
(a) Overload 
fracture
(b) Burst 
socket
(c) Distortion 
fracture
(d) Beam 
fractures
(<?) Pull 
fractures
(f) Shear 
fractures
(g) Bearing 
fracture
(/*) Thrust 
fracture
(At) Leverage 
fracture
2
. I □
ALTERNATIVE POSITION OF CRACKS
HARD SOFT HARD
ALTERNATIVE POSITION OF CRACKS
WALL
MOVES
D OWN
W
HARD OBJECT
Excessive vertical load 
or inadequate bedding
•Higher .bedding class, 
or stronger pipe, or con­
crete surround
Differential thermal or 
moisture expansion of 
jointing mortar
Resilient jointing mater­
ial which doeg not cause 
excessive radial pressure 
on the socket
Differential heating or 
cooling or moisture 
content
Protection of uncovered 
pipes against sun or cold 
night (or drying wind, 
with concrete pipes)
Uneven resistance of 
foundation, or soil 
movement, or differen­
tial settlement
Flexible joints and uni­
form hardness of founda­
tion
Thermal or drying 
shrinkage of pipe or site 
concrete, drying shrink­
age of clay soil
Flexible-telescopic joints 
and gaps in site concrete 
at pipe joints
Differential settlement 
of wall relative to pipe 
or/vice versa
Flexible joints at least at 
A  and B and making 
AB not more than 3 ft,
Hard spots in pipe bed Elimination of hard spots
Restrained thermal or 
moisture expansion of 
pipe or compression due 
to subsidence
Flexible-telescopic joints 
which do not cause 
excessive radial pressure 
on the sockets. Spigot 
end not hard up in 
socket
Excessive angular dis­
placement
Avoidanco of excessive 
slew when laying
Types of failure b, d, e and /m ay  occur with rigid (e.g. cement mortar) joints. 
“  * - - - - - - -  bber ring) joii
type of joint.
Type £ may occur with flexible (e.g. ru r ri ) j ints. 
The other failures are uninfluencei
Detailed observations of water main fractures (Roberts and Regan* 
1974* 1977) showed that the main types of fracture are:
( i )  sp lits  (due to corrosion or earth pressure)
( i i )  transverse breaks (due to bending) 
and ( i i i )  blow outs (due to corrosion).
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Fig. 2.17 RELATION BETWEEN FRACTURE OF PIPES AND PIPE 
DIAMETER (a fte r Roberts and Regan, 1977)
The principal type of fracture was transverse break, varying between 40% 
in corrosive soils and 90% in non-corrosive so ils . The rate of fracture o f  
cast iron pipes was shown to decrease with increasing diameter ( f ig . 2.17) 
and 90% of the fractures occurred in mains less than 150 mm diameter. As 
f ig . 2.17 shows, the rates of fracture follow the same variation as the 
curve representing the comparative weakness of the pipe. The comparative 
weakness factor was defined by Roberts and Regan (1977) as:
k
where:
V is the comparative weakness factor 
k is a constant factor 
and Mr is the moment of resistance of the pipe in N mm.
The value of k is of no significance since i t  is basically used fo r scaling 
purposes. Roberts and Regan (1977) concluded that the relation between 
the comparative weakness of the pipe and the fracture rate is a clear 
indication of the l ia b i l i t y  of small pipes to fa i l  under bending. Observations 
of bending fa ilu res  of gas mains by Howe et al (1980) demonstrated that 
d iffe ren tia l ground movements induced by excavations are a major cause of 
fracture.
2.6.2 Effect of Soil Properties Bedding and Backfill
Since the soil surrounding a pipe is the medium which transfers 
external loading to i t ,  knowledge of its  engineering properties is 
essential. As Needh^ rn and Howe (1979) suggested however, problems arise  
in assessing the behaviour of soils surrounding a pipe because they consist 
of a mixture of natural and imported so ils . Needham and Howe (1979) gave 
an assessment of the probable effects of the soil properties^bedding and 
backfilling on the general performance of a buried pipeline. Accordingly 
they described the stress-strain behaviour of discrete masses of dissim ilar 
soils as an important source of loading on mains. Problems arise basically  
due to a time-dependent soil deformation behaviour complicated by the 
presence of water. The problems are more intense where deep excavations 
and tunnels cut through soil layers hence causing ground water flow.
Additional problems arise due to the presence of soils of various 
states of compaction along the length of a main. According to Needham and 
Howe (1979) uneven support along a small diameter main, resulting from 
non-uniform bedding can induce bending stresses on the main when the 
surrounding ground is loaded. These stresses can remain 'locked in ' a fte r  
load removal hence reducing substantially the pipe safety margins. This 
underlines the importance of good quality bedding and backfilling  along a 
buried main. For larger pipe sizes backfilling is very important in providing 
side support during loading, thereby lim iting  hoop crushing stresses.
2.6 .3 Effect of Ground Temperature and Moisture Changes
The seasonal variation of breakage rates of buried pipelines-has 
been observed by Roberts and Regan (1974, 1977)and Needham and Howe,(_1979). 
According to Needham and Howe (1979) changes in temperature may a ffe c t pipe 
material properties, soil properties and induce d iffe ren tia l thermal strains
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between the soil and the main. Temperature changes of the surface soil 
layers accompanied by changes in moisture levels may result in soil 
expansion which subjects a buried main to bending and shearing forces. 
According to Driscoll (1980) additional volume changes may occur, during 
long dry periods, due to removal of moisture from the ground by trees. 
Indeed, such volume changes can damage not only buried services, but they 
can cause serious damages to the foundations of low rise buildings. 
Tomlinson et al (1978) suggested that narrow s trip  foundations should be 
avoided in the case of new houses b u ilt in areas where trees are growing 
or are lik e ly  to grow in the future.
o
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Fig. 2.T8 SEASONALITY EFFECTS ON RATES OF MAINS BREAKAGE (a fte r  
Needham and Howe, 1979)
Need bam and Howe (1979) presented diagrammatically the gas main breakage 
rates for a typical year with normal seasons of wet autumn/cold winters 
and a year with a long dry summer (f ig . 2 .18). The diagram shows the adverse 
e ffec t of changes in temperature and ground moisture on buried pipes.
Similar observations of water main breakage rates were made by Roberts and 
Regan (1974, 1977). They reported high breakage rates during the dry 
summer of 1976.
They in i t ia l ly  concluded that temperature change may introduce high 
bending strains due to d iffe re n tia l ground movement, while la te r  they 
attributed fa ilures to pipe contraction acting as a "last straw" on a 
strained pipe.
Table 2.5 DIFFERENTIAL SOIL EXPANSION AND EFFECT ON BURIED PIPES 
(a fte r  Needham and Howe, 1979)
AFTER WETTING
BEFORE WETTING
EXPANSIVE SOILNON EXPANSIVE SOIL
PIPE CENTRELINE
-  AFTER WETTING
-  BEFORE WETTING
Pipe Passing Through 
Non-Expansive Soil, 
to the following:-
Pipe Bending Stress MN/m^(lbf/in^)
100mm Diam 200mm Diam
Silt 2.5 (360) .1.5 (217)
London Clay 16 (2320) 10 (1450)
Gault Clay 32 (4640) 21 (3050)
Needham and Howe (1979) presented calculations of bending stresses 
on cast iron pipes resulting from d iffe ren tia l soil expansion due to 
moisture content changes (table 2 .5 ). The calculations were based on the 
expansive properties of d iffe ren t soils and they showed an increase of 
bending stresses as d iffe ren tia l expansion between soils increases. They 
also showed that larger diameter pipes are less affected by d iffe re n tia l 
expansion.
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ANCHORED 100mm MAIN
WATER
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GROUND TEMPERATURE AT MAINS DEPTH °C
Fig. 2.19 EXPERIMENTAL BENDING STRESS ASSOCIATED
WITH GROUND FREEZING (a fte r  Needham and Howe, 1979)
The test results on a buried 100 mm cast iron main were also 
reported by Needham and Howe (1979). The results showed that ground cooling 
resulted in high bending stresses in the pipe ( f ig . 2 .19). Further warming 
up and freezing cycles did not produce any s ignificant stress changes 
while the induced stresses were retained in the pipe.
2.6 .4 Effect of Deep Excavations and Tunnels
Ground disturbance due to deep excavations and tunnels may impose 
serious risks of fracture not only to the old cast iron distribution mains, 
but also to the newer distribution pipe materials (Howe e t a l ,  1980). The 
level of risk  varies according to the quality of support provided, but 
trench excavations impose higher risks due to the poor control of the works 
(Kyrou e t a l,  1980). Minimisation of the manmade ground movements induced 
by trench excavations is possible when the appropriate trench supporting 
techniques are used (Needham and Howe, 1979). Such techniques necessitate
0.77 m
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firm  wall support during digging, p a r t ia l:support withdrawal during back­
f i l l in g  and high standard o f compaction of b a c k fill.
•EDGE OF TRENCH
-EXCAVATION OPEN
3 MONTHS AFTER BACKFILL
2 MONTHS AFTER BACKFILL
1 MONTH AFTER BACKFILL
DISTANCE m
BENDING PR0FILE5
(NOT TO SCALE ) EXCAVATION
OPEN
TRENCH
■ 3  MONTHS AFTER BACKFILL
PIPE LENGTH 18 '
ig. 2.20 CHANGE OF BENDING STRESS ALONG MAIN CROSSING A DEEP EXCAVATION (a fte r  
Howe et a l,  1980) •
Howe et al (1980) examined a number of f ie ld  cases of excavations 
crossing gas distribution mains. A typical example is shown in f ig . 2.20. 
Hogging moments were introduced into the pipe a fte r excavation and they were 
reversed a fte r backfilling . The sagging moments at the centre lin e  of / 
the trench a fte r backfilling were indicative of the e ffec t of the soil 
weight on the pipe. ‘Locked in* strains were observed several months 
a fte r b ackfillin g , but Howe et al (1980) suggested that in practice they 
are much higher due to repeated tra f f ic  loading over the backfilled trench.
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The influence of trench, excavation induced ground movements 
on buried mains running parallel to the trench was examined by 
Crofts et al (1977). Due to the end restraining effects , ground 
movements build up very rapidly near the excavation corners. This 
rapid build-up introduced high bending strains in the pipe which 
could lead to pipe fracture. Evidence suggests that ground move­
ments induced by trench excavations in over-consolidated clays are 
of an e lastic  nature when su ffic ien t support is provided (Gumbel 
and Wilson, 1980). Trench excavation in soft sandy clays reported 
by Howe et al (1980) however, suggest that wedge type fa ilu re  may 
follow support collapse or buckling. In such a case, the possib ility  
of a fracture of a pipe lying within the wedge zone is very high.
A number of gas main fa ilures caused by ground movements induced by 
nearby trench excavations were reported by Keith (1979). .
SURFACE
SETTLEMENT
MAIN
BENOING
WITH
SETTLEMENT
MAIN
BENDING
^ m m U L O J R V E S  ■
UNSUPPORTED •»
HEADING
EXCAVATION
VOID
(Sometimes grouted in)
-TUNNEL LINING
Fig. 2.21 SETTLEMENT ABOVE TUNNEL (a fte r  Needham and Howe, 1979)
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During a tunnelling operation the unsupported ground near the tunnel 
heading gives rise to considerable ground settlement. Additional settlements 
arise due to overdigging around the tunnel lin in g . Needham and Howe (1979) 
presented a typical p ro file  over the section of a tunnel ( f ig . 2 .21). I t  
is clear that such a p ro file  is lik e ly  to introduce high bending stresses 
in a pipe running e ither parallel or a t righ t angles to the tunnel.
Needham and Howe (1979) reported a fracture of a cast iron main running 
parallel to an excavated tunnel. The position of the pipe fracture ( f ig . 2.22) 
is indicative of the high bending stresses induced by settlement.
SURFACE SETTLEMENT ALONG 
CENTRE LINE OF TUNNEL
27 n
O
PLAN OF M AIN  AND TUNNEL
StCT.OK
Fig. 2.22 FAILURE OF MAIN DUE TO THE PARALLEL EXCAVATION OF A TUNNEL
(a fte r Needham and Howe, 1979)
Deep excavations and tunnelling are occasionally associated with 
lowering of the ground water table. This may result in substantial 
weakening of the soil and produce settlement through the actual loss of 
the water volume and the washout of fine soil partic les. These settlements 
may impose additional bending strains on buried pipes.
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2.6 .5 Effect of General Arid Mining■ Subsj dence
The effec t of general and mining subsidence on buried mains was 
b rie fly  examined by Needham and Howe (1979). They presented a typical 
subsidence p ro file  and the resulting ground strain produced by an unsupported 
seam (f ig . 2 .23).
HORIZONTAL GROUND 
STRAINSTENSILE TENSILE
COMPRESSION
SUBSIDENCE PROFILE
hlL ' / / / / / / / / / /s'/ / / / / / / /  /7777A
EXTRACTED SEAM OF COAL
Fig, 2.23  GROUND STRAINS AND SURFACE SUBSIDENCE
PROFILE IN A MINING AREA (a fte r  Needham and Howe* 1979)
WEOGE OF SOIL 
SUPPORTED BY 
MAIN
WEIGHT 
OF SOIL 
WEDGE
SOIL
SETTLEMENT
Fig. 2.24 SOIL FORCES
Due to fr ic tio n  and adhesion e^the soil-p ipe interface these strains are 
transmitted to the pipe. As a result pipes may bend or be pulled apart. 
Unlocked mechanical jo ints are unsuitable in areas subjected to subsidence. 
Very high bending moments and shearing forces may be imposed on buried 
pipes where the soil subsides over the centre of the pipe. The pipe carries 
the load of a soil wedge as shown by f ig .  2.24 and this may resu lt in pipe 
fa ilu re .
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2.6.6 Effect of Heavy Goods Vehi cles
A s ignificant number of heavy goods vehicles (HGV) pass through 
urban areas which also contain the distribution systems. The road 
structure of many old urban roads is of doubtful strength to take the 
maximum current U.K. axle load. Certain road pavements are broken and 
as a result the load spreading e ffec t of a structurally sound road is 
minimised (Needham and Howe, 1979). As might be expected mains buried 
under these roads suffer from fa ilures (King e t a l ,  1977; Roberts and 
Regan, 1974, 1977; Needham and Howe, 1979).
A three year study of fractures of cast iron water mains in the 
London area reported by Roberts and Regan (1974) revealed some interesting  
facts:
( i )  mains under heavily trafficked roads did not suffer from
continual repeated fractures probably due to proper 
pavement design;
( i i )  mains under footpaths of major roads did suffer from
fractures basically because of the shallow cover which 
lim its  load spreading. I t  must be noted here that HGV's 
often mount the footpath while turning into road junctions.
( i i i )  there were concentrations of fractures at road junctions;
(iv ) roads where no main fractures were reported carried very
lig h t t ra f f ic ;
(v) the worst cases of repeated fractures occurredat road
junctions or minor roads occasionally used by heavy 
t r a f f ic ,  e.gj. a road leading to a warehouse or a brewery;
(v i) more fractures occurreLdiin the cases of mains buried
a t shallow depths.
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and Howe, 1979)
(a )  PERFECT ROAD STRUCTURE
Fig. 2.25
The e ffec t of vehicle loading on buried mains was examined by 
Needham and Howe (1979). The vertical and horizontal forces applied to a 
road by an HGy consist of the s ta tic  component due to the HGV dead weight 
and the dynamic component arising from acceleration, braking, cornering 
and the interaction of the vehicle suspension with uneven road surfaces. 
S tatic  wheel loading d istribution is primarily dependent on the condition 
of the road surface. As f ig .  2.25a shows when the road structure is  
properly designed and in perfect condition the vertical stresses decreases 
rapidly with the depth of cover. When the road structure is damaged, the 
load spreading e ffec t is p a rtia lly  destroyed and surface loads can be 
transmitted to greater depths ( f ig . 2.25b). Observations by Needham and 
Howe (1979) of a slow moving 25 ton, 3 axle vehicle, passing over a 100 mm 
cast iron main, showed that very high bending stresses (25 MN/m2) can be 
induced ( in the pipe ( f ig .  2 .26).
“47”
BE
ND
ING
 
ST
RE
SS
 
M
N/
m
The pulse of bending moments due to the f i r s t  rear axle induced ., the
highest bending stresses and they were in ,the region of 0.1 o?~the cast
iron ultimate tensile strength. These stress levels are lik e ly  to be
higher due to structural defects in the road.
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1st REAR AXLE 
10 to n
FRONT AXLE 
7 to n
2 n d  REAR AXLE 
B to n
Fig. 2.26
BENDING STRESS FROM PASSAGE OF 2 5  ton  VEHICLE 
OVER A MAIN CROSSING THE ROAD 
(a fte r Needham and Howe, 1979)
MAIN WITH FITTING WELL 
LAID ON A UNIFORM SAND BED 
BACKFILL COMPACTED IN LAYERS
According to Needham and Howe (1979) dynamic forces can be up to 
twice the s ta tic  load and they are of relevance to mains fracture since 
th e ir occurrence's concentrated in urban areas. The magnitude o f these 
dynamic forces is dependent on the surface roughness, vehicle speed and 
suspension design. Dynamic forces a t the road surface are transmitted 
down to the buried mains in a sim ilar manner as s ta tic  loading. Bending 
stresses can achieve high proportions of the ultimate tensile strength of 
cast iron under dynamic loading conditions.
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2.6.7 Effect of Ground Shock Waves
Ground shock waves may be generated from blasting, p ile  driving, 
building demolition and dynamic consolidation of s o il. A description of 
the e ffec t of shock waves on buried services was given by Needham and Howe 
(1979). Accordingly they described the Menard technique of dynamic 
consolidation, which involves dropping up to 200 tonne weights from heights 
up to 25 m, as particu larly  hazardous to buried services. They suggested 
that any proposed use of this technique within 30 m from a gas main should 
be closely investigated. Shock waves from d ifferen t sources travel in 
the ground a t various frequencies. When they 'h i t '  a buried service, 
they introduce circumferential hoop stresses or longitudinal bending stresses. 
These stresses can reach a high proportion of the ultimate tensile strength 
of the pipe material but they largely disappear a fte r the shock wave has 
passed the main. In yiew of the uncertainties related to the d iffe re n t  
techniques, attempting to evaluate the e ffec t of shock waves on buried 
mains, Needham and Howe (1979) suggested the use of safety factors of 10.
2.6.8 Residual Stresses jn  Buried Pipes
Howe et al (1980) recognised that fracture stresses in pipes are 
a result of d iffe ren t stress increments introduced by d iffe ren t causes.
Roberts and Regan (1974) suggested that residual stresses may contribute 
a high proportion of the fracture stresses in a buried pipe. Residual 
stresses are basically stresses 'locked in ' the pipe due to t r a f f ic  loading 
or long term ground movements. Roberts and Regan (1974) referred to fu ll  
scale experiments by TRRL (T ro tt, 1971) and the British Gas Corporation, 
which showed that the passage of a heavy vehicle over a buried pipe bent 
the pipe e la s tic a lly , but the pipe remained bent upon load removal. This 
suggested the presence of 'locked in ' bending stresses. A p ilo t investigation  
which involved the cutting of a 4 m buried main showed a change of strain  
in the pipe w all, proving the existence of bending stresses in the pipe 
(Roberts and Regan, 1974). The presence of residual stresses in buried 
pipes was reported by Collins et al (1961). Full scale experiments on 
buried pipes showed that bending stresses are introduced in the pipe 
during laying and due to settlements a fte r laying. A sharp increase
of bending stresses occurred in a ll pipes when power-rammed to consolidate 
the s o il. Stresses in pipes subjected to tra f f ic  loading did riot increase
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a fte r loading^provided the tra f f ic  ran along the.length of the trench. 
However a sharp increase in bending stresses was noticed where.vehicles ran 
normal to the trench and Collins et al (1961) attributed this to uneven 
consolidation of the b a c k fill.
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LOCKED IN DEFLECTION 
AFTER PASSAGE OF VEHICLE
MAXIMUM D E F IE C H »  
Du r in g  PASSAGE OF VEHICLE
0 10 20 30 AC •. SO 60 70 80 90 100 110 120 130 140 150 160 165
LORRY. CROSSING N'J*3ER
Not to  S c o le
o B A H E 1E R - CHAME INOUMETER- POOR 8EOOING AN0 BACKFILL
Fig. 2.27 VEHICLE INDUCED CRUSHING DEFLECTIONS ON TWO 24" STEEL MAINS
WITH DIFFERENT LAYING CONDITIONS (a fte r Needham and Howe9 1979)
Residual stresses in pipes were reported by Needham and Howe (1979).
A fu ll  scale experiment which involved the passage of heavy vehicles over 
two 24-inch diameter steel pipes showed that high 'locked in ' crashing 
deflections resulted in one of the pipes which was badly la id . They 
attributed this to poor backfill compaction. The pipe deflections showed 
an| increase with each cycle of loading until the compaction process reached 
equilibrium. Fig. 2.27 shows the resulting 'locked in ' deflections of the 
two buried steel pipes. Needham and Howe (1979) reported residual bending 
stresses in buried pipes resulting from temperature variations as well
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as attachment of service; connections. The increase in .local stresses 
due to the la t te r  cause was estimated to be in the region of 100 to 400%.
2.8 BENDING STRENGTH OF BURIED PIPES
Recent research into the fracture of buried pipes suggests that 
bending is the dominant mode of fracture of re la tiv e ly  small diameter 
pipes (Roberts and Regan, 1974, 1977; Needham and Howe, 1979). Therefore, 
a buried pipe must have su ffic ien t bending f le x ib i l i ty  to follow any ground 
movements induced by ground disturbance. Pipe f le x ib i l i ty  is dependent on 
the d u c tility  of the pipe m aterial, although f le x ib i l i ty  of a pipe system 
may improve from the use of fle x ib le  jo ints (Tarzi e t a l,  1979). According 
to Needham and Howe (1979) a jo in t spacing of 1 to 2 metres would be 
necessary to cater for a ll situations which cause pipes to bend. However 
this solution might not be feasible due to probable in f ilt ra t io n  of the 
jo ints by soil which w ill resu lt in jo in t stiffening and loss of pipe 
system f le x ib i l i ty .
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Fig. 2.28 DEFLECTION OF 2 ra LENGTHS OF DISTRIBUTION PIPES (a fte r  
Needham and Howe, 1979)
Modern pipeline design practice aims to achieve pipe f le x ib i l i ty  
through careful selection of the pipe materials. Needham and Howe (1979) 
presented the re la tive  strengths and deflections of the gas distribution  
pipes, a fte r bending tests on 2 m lengths of pipes ( f ig . 2 .28). The 
increased f le x ib i l i ty  of the new distribution materials, lik e  ductile  
iron, steel and polyethylene, in comparison to spun grey iron is apparent. 
The stress-strain curves of the gas pipe materials were also presented by 
Needham and Howe (1979) as shown in f ig .  2.29.
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Fig. 2.29 TYPICAL STRESS STRAIN CURVES FOR GREY CAST IRON, DUCTILE, ERW STEEL 
AND POLYETHYLENE MAINS (a fte r  Needham and
Howe, 1979)
Short term fa ilure~of grey iron is shown to occur a t strain  levels 
between 0.2 and 0:5$. However, fissure corrosion can a ffec t the pipe 
performance considerably (Harrison, 1976) and as Ewing and Jones (1978) 
suggested,failure may occur a t half the nominal y ie ld  strength.
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Needham and Howe (1979) recommended.that.the-stress levels of spun grey 
iron should not exceed the value for the onset of fissuring9 which is 
about 30% of the ultimate tensile'strength.
Ductile iron pipes are at present buried completely wrapped in 
polyethylene sleeving in order to prevent corrosion (Gray and Wilkins, 1978). 
Although ductile iron does not suffer from low stress fissure corrosion9 
corrosion protection is required to prevent stress accelerated corrosion 
fa ilu re  which occurs a t stress levels near the yielding point (Ewing and 
Jones, 1978). Short term fa ilu res of ductile iron pipes may occur a t 
strains in the range of 1 to 7% (Needham and Howe, 1979) as shown in 
f ig . 2.29.
Steel pipes tend to fa i l  a t very high strains but a more usual form 
of fa ilu re  is buckling of the section (Ewing and Jones, 1978). Owing mainly 
to the use of welded jo in ts , steel pipes suffer no pu ll-out and they are 
particu larly  suitable for areas subjected to ground disturbance or 
subsidence.
Polyethylene pipes can sustain very high strains and they do not 
fa i l  under bending. According to Needham and Howe (1979) a bend radius of 
15 times the pipe diameter can be applied, and the polyethylene pipe s t i l l  
retains adequate margins to cater for strains from internal pressure and 
externally applied deformation.
2.9 TRENCH EXCAVATION PROCEDURES
Trench excavation procedures may affec t considerably the magnitude 
and general pattern of induced ground movements. Owing to the fa c t that 
almost a ll trench excavations are related to temporary works in the majority 
of cases, any support provided simply aims to safeguard the trench walls 
from collapse. In very few cases the trench excavation support system is 
so designed in order to minimise ground movements. Useful information on 
excavation methods and timbering is given by BSCP2003 (1977), 'Code of 
Practice for Earthworks1. A detailed description of trench excavation 
procedures is given by Tomlinson (1980). A b rie f description of the 
procedures applying to trench excavations with vertical sides is presented here.
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Hand excavation of trenches is.very rarely carried out because i t  is 
very uneconomical and slow. Mechanical excavators o ffer speed and economy 
and a variety of such excavators are used fo r trench construction. Major 
problems arise however with the provision of support. Excavation ' to fu ll  
depth in one operation seem to present less problems. However depending 
on the excavation depth and the ground conditions, excavation may progress 
to lower depths a fte r  support is provided to the upper levels. Thus, 
mechanical excavation a t lower depths must be carried by 'dropping' the 
excavator bucket through the struts and such a process is slow, elaborate 
and expensive.
Generally the type of support provided to the sides of the excavation 
is governed by the soil and ground water conditions and by the depth and 
width of the trench. Water bearing sands and s ilts  require continuous 
support which is in the form of timber runners or poling boards or steel 
trench sheets or sheet p iling . Excavation in firm  to s t i f f  clays, compact 
or clay bound gravels, compact or cemented sands, shales or s tra tif ie d  
rocks can be supported by timbering a t open spacing, su ffic ien t to prevent 
yielding of the mass of soil behind the trench face.
For excavations taking place in loose sands, gravels, soft clays and 
s il ts ,  close timbering must be provided as quickly as possible in order to 
avoid the sides fa llin g  in . The procedure of in sta lling  timber runners 
is shown diagrammatically in f ig . 2.30. After a shallow excavation the guide 
walings and struts are placed ( f ig . 2.30a) and subsequently timber runners 
are pitched behind the walings. The runners are gradually driven down and 
when the excavation reaches the approximate level of the second bracing,a 
frame is provided ( f ig . 2.30b). The excavation may be taken deeper using 
the same technique as shown in f ig . 2.30c) and f ig . 2.30d.
Sheet p iling  is usually used fo r deeper excavations and under favourable 
conditions they can be driven ahead of the excavation in lengths of 15 m.
The use of sheet p iling  permits wider spacing of bracing frames. Driving 
of sheet piles involves noise.and vibration which may cause annoyance to 
the public and this method should be avoided in populated areas when possible.
Timbering with poling boards and tucking frames can be used in the 
case of deeper cuts in restricted side conditions. Poling boards are quite 
short and they are pitched outside fT O er g uide walings|as shown in f ig .  2.31a.
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Fig. 2.30 SUPPORT OF EXCAVATION IN LOOSE SOIL WITH RUNNERS
(a) F irs t stage excavation (c) Pitching second set of runners
(b) Second-stage excavation (d) Completed excavation
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Fig. 2.31 SUPPORT OF DEEP EXCAVATIONS IN LOOSE SOIL WITH POLING BOARDS 
AND TUCKING FRAMES (a fte r Tomlinson, 1980)
The excavation is taken progressively.deeper by placing a waling; frame 
a t the next support level and driving the poling boards between the waling 
and the previous setting of poling boards ( f ig . 2.31b).
Horizontal timbering between soldier piles is applied in the case of 
deep excavations and is rarely  used in the case of temporary trench
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e x c a v a t i o n s .  m e  ^ y i u i e r  p u w  a r e  u s u a l l y  s t e e l  u r u a a - T l a n y e a  oeau ib  a n a  
they are driven in the ground before excavation takes place a t a depth 1 
or 2 m below the fin a l excavation leve l. As the excavation progresses 
downwards, timber polings are inserted horizontally between the p ile  
flanges.
Fig. 2.32 OPEN TIMBERING IN STIFF OR COMPACT SOILS (a fte r  Tomlinson, 1980)
Open timbering is usually applied in the case of excavations made in 
s t i f f  clays, compact or cohesive dry sands or weak rock s tra ta . The 
a b ility  of these soils to stand unsupported for some time, sim plifies the 
support procedure. Excavation to fu ll depth usually takes place in one 
operation. Timber boards are then placed against the excavation face
at each end of the waling. After s tru ttin g , further boards are placed
a t each intermediate s tru t position and a t intermediate positions between 
struts (f ig . 2 .32).
For narrow trench excavations hydraulic shoving can be applied. Each 
hydraulic shoving un it consists of a pair of vertical ra ils  held apart by
two hydraulic stru ts. These units can be installed by hand from the
ground level and they are pressurised to specified levels. This hydraulic 
pressure can introduce some form of prestressing on each s tru t.
2.10 ASSESSMENT OF RISK OF PIPELINE FRACTURE DUE TO EXCAVATION INDUCED
GROUND MOVEMENTS
Trench excavation induced ground movements may cause excessive 
straining and subsequent fracture of a buried pipeline (King e t a l ,  1977).
A method was proposed by Crofts et al (1977) fo r estimating the horizontal 
movements of a long shallow buried continuous pipeline due to the nearby 
excavation and backfilling  of a long deep trench parallel to the pipeline.
nuuiLjunai uuarus vrnere
excavation is cut to 
'^ .irre g u la r line
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An analytical model was developed treating the soil pipe interaction as 
an e lastic  beam embedded in an e lastic  foundation which is lo ca lly  displaced 
la te ra lly . ' An approach was suggested for estimating the risk  of pipeline  
fracture. This method was discussed by Symons (1978), O'Rourke (1978) and 
Crofts e t al (1978). An extension of the method to account fo r articulated  
or jointed pipelines was presented by Tarzi et al (1978). A fu ll  version 
of the complete method was presented by Crofts e t al (1980) and this publication 
is b rie fly  described.
The movement x of a buried pipe towards an excavation was assumed to 
consist of four components giving:
X = xi + X2 + X3 + xi* . . . . .  (2 .3)
where
xi is due to the movement of the unsupported vertical face 
of the trench
X2 is due to the movement to bring the face of the trench into  
contact with the supports
X3 is due to the deflections of the supports as a resu lt of' 'i •
the mobilization of the fu ll  support of the propping 
system retaining the trench sides
Xk is due to consolidation of the backfill used to reinstate  
the trench
Component x i was assumed to relate  particu larly  to excavations made 
in cohesive soils and i t  was described as the component of movement due 
to the unsupported face of the trench. Due to the presence of cracks, i t  
was recommended that the c r it ic a l height be taken as 2.6 Su/y where Su is 
the undrained shear strength and y the unit weight of the s o il. As a f i r s t  
approximation i t  was suggested that:
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xb ” c r it ic a l height m ..... (2.4)
and owing to the strain gradient of the soil
xi = «xb (2 .5)
where x  ^ = trench:bulging
and a = reduction factor relating to distance from 
the excavation face f f ia .  2.34)
Distance from excavation 
Depth of excavation . ” H
Very soft to firm day
Very loose to medium dense 
sand or gravel
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Fig, 2.34 HORIZONTAL MOVEMENTS RELATED TO DISTANCE FROM EXCAVATION
(a fte r  Crofts et a l ,  1980)
Component X2 t0 bring the face of the trench into contact with the
supports was recommended to be:
For sheet p iling and anchored diaphragm w alls, X2 = 0 a°d i t  was recommended 
that fo r hard clays and medium to dense sands X2 should be halved.
The component of horizontal movement X3 due to the deflection of the 
supports was assessed purely on the basis of observations, and curves A, B,
C of f ig . 2.34 relate to these observations. Reduction factors to X3» to 
account fo r the effects of end res tra in t, time to propping and surface 
res tra in t were recommended.
The horizontal ground movement X4 due to the consolidation of the 
backfill was given by:
Ko
X2 = 10 mm + (between 2 and 18 mm) a (2.6)
(2.7)
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where
B is the width of the trench
C
T+e0 is the compressibility of the backfill
Ka is the active earth pressure coefficient
Ko is the a t rest earth pressure coeffic ient
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Fig. 2.35 PLAN OF ELASTIC MODEL BEFORE AND AFTER DISPLACEMENT (a fte r  
Crofts et a l9 1977)
The e ffec t of the local movement of a long buried pipe towards an 
excavation was simulated by a model consisting of an e lastic  beam embedded 
in an e lastic  foundation. The e lastic  foundation was represented by a bed 
of springs connected to the beam and rig id  boundaries on both sides of the 
beam ( f ig .  2.35a). The e lastic  modulus of the foundation was taken as 
2DKu
where
D is the depth of the beam normal to the springs 
and Ku is the modulus of subgrade reaction for each bed of springs.
A horizontal movement was then imposed to the rig id  boundaries resulting  
in the beam deflection shown in f ig . 2.35b. Horizontal movements were 
assumed to build up very rapidly increasing evenly from zero to a maximum 
within a distance a (length of end re s tra in t). For a continuous unjointed 
pipeline* f ig . 2.36 shows the variation with length of trench of the 
envelope to the maxima of the maximum bending moment parameter.
For c la rific a tio n
L . = 1 eng th of trench excavation
x : so il-structure parameters
A = maximum bending moment parameters Mmax/2EIx2x'
Mmax = maximum bending moment in pipe
E = Young's modulus of pipe material
I = second moment of area of pipe
Fig. 2.36 shows that the maximum bending moment parameter A remains 
constant for XL > 6. Therefore a long trench was defined when XL > 6 and 
a short trench when XL<< 6.
An articulated jointed pipeline model was developed, made up of an 
in fin ite  number of sections of length p pinned together. Each pin was rig id  
to shear distortion and free ly  fle x ib le  to bending distortions up to a 
maximum allowable angular distortion whereupon the pin behaved as a r ig id  
jo in t fo r further increments of loading.
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Fig. 2.36 ENVELOPE TO^ MAXIMA OF MAXIMUM BENDING MOMENT PARAMETER A 
PLOTTED AGAINST'LENGTH OF TRENCH PARAMETER XL (a fte r
Crofts et al? 1980)
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The results of the analysis are presented in f ig . 2.37 with the maximum 
bending moment factor normalised by the corresponding maximum values for a 
continuous pipe. For a long trench, for an articulated pipeline of section 
length Xp > 3.0 , the value of A increased by up to 36.5%. For a short length 
of section length xp within the range 2.6<p<2.8, the value of A was up to 
21% higher than the corresponding value of the continuous pipe.
The e las tic  model proved to be very sensitive to the length of end 
res tra in t a . The extreme condition, fo ra  was zero and i t  is unlikely that 
this value is consistent with actual performance. A f in ite  length of end 
res tra in t seemed to be more re a lis tic  and Crofts et al (1978) suggested 
that a = fc/g where £ is the distance of the pipe from the excavation face.
For f in ite  values of a, A can be reduced and this reduction is given in 
f ig . 2.38.
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Fig. 2.37 RELATIONSHIP BETWEEN MAXIMUM MOMENT FACTORS FOR CONTINUOUS
AND JOINTED PIPELINE FOR VARYING xp (a fte r  Crofts et a l ,  1980)
The method described by Crofts e t al (1980) allows a decision to be 
made of the acceptability of the risk of breakage or unserviceability of 
pipeline occurringj Three categories of risk  were defined in terms of the 
.strains induced in the pipe.
The strain developed in the pipe as a resu lt of earth movement can be 
estimated separately fo r the short-term and the long-term condition, to see 
which condition develops the greatest pipe stra in . The short-term condition 
excludes backfill consolidation. The short and long-term maximum strains  
were defined by Crofts e t al (1980) as
0 9
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Fig. 2.38 BENDING MOMENT REDUCTION FACTOR F FOR LENGTH OF END RESTRAINT 
PARAMETER Aa WHERE a MAY BE TAKEN AS I j l  (a fte r Crofts et a l ,
1980)
e short-term = DA2 (x i + X2 + X3) FGA short-term   (2*8)
e long-term = DA2 (x i + X2 + X3 + Xh) FGA long-term ............  (2 .9)
where
A short-term = 0 .3 2  (peak value of f ig . 2 .3Q 
A long-term is read o ff from f ig . 2,36 
F is read o ff  from f ig . 2.38
G is read o ff from f ig . 2.37
A worked example using the Crofts e t al (1980) method is given 
in Appendix A .
An empirical approach of assessing pipeline fracture based on experience 
and soil mechanics was proposed by Howe e t al (1980). The approach was 
based on the assumption that an active wedge fa ilu re  may occur due to 
in su ffic ien t support of the excavation faces. Howe e t al (1980) used the 
conservative assumption that the fa ilu re  plane lies  a t an angle of 45° to 
the horizontal. By applying two safety factors 1.5 and 2 respectively9 the
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angle of the fa ilu re  plane changed to 34° and 27°.' Zone A ( f ig . 2.39) 
was defined as a zone of high risk and zone B of intermediate risk . The 
approach appears to be based more on in tu ition  than on soil mechanics.
Fig. 2,39."PROPOSED RISK ZONES (a fte r  Howe et a l 1980)
2.11 AN OVERALL ASSESSMENT OF THE 'IN  SERVICE1 PERFORMANCE OF BURIED
PIPES AND EVALUATIONS OF THE AVAILABLE METHODS OF ASSESSING PIPELINE
FRACTURE DUE TO TRENCH EXCAVATION INDUCED GROUND MOVEMENTS
As Nutting (1978) suggested ‘what man can make is lim ited by the 
materials he has availab le1 and he related material a v a ila b ility  to material 
cost. When the old pipe systems were buried in the ground many years ago, 
th e ir selection was considered feasible and economical. Population growth 
and urbanization brought about changes of the loads imposed on these systems 
as well as environmental changes. Today these old systems suffer from 
repeated b r it t le  fractures and material deterioration. I t  is obvious that 
replacement of the old buried systems with more ductile and fle x ib le  
materials is unavoidable. However, due to the enormous costs involved 
(£150,000 m illion - TRRL, 1979), immediate replacement is an im possibility. 
Gradual replacement is the only alternative and for this reason, preservation 
of the old pipe systems w ill be necessary for some time to come.
Examination of the pipe materials buried in the ground, shows that 
new materials should not be expected to be very sensitive to ground move­
ments induced by stable trench excavations, due to the ir high f le x ib i l i ty .
The more b r it t le  materials lik e  cast iron, clay and concrete are more 
susceptible to fracture. I t  should be stressed here, that pipes with 
larger diameters are more prone to crushing of th e ir cross-section when 
loaded, while smaller diameter pipes tend to fa i l  under bending. Theoretical 
work on jointed pipelines by Tarzi e t al (1979) has shown that closely 
spaced pipe jo in ts  result' in minimisation of bending moments caused by trench 
excavation induced ground movements. I t  should be expected therefore that
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closely jointed concrete and clay pipes are lik e ly  to fa i l  under a section 
crushing mechanism but fa ilu re  due to bending should not be excluded.
The research work reported in this thesis concentrates on the beam 
type behaviour of buried pipes. This beam type behaviour of a buried pipe 
is considerably affected by numerous factors (Howe e t a l,  1980). Weakening 
of the pipe section due to corrosion and 'b u ilt  in ' residual bending stresses 
are lik e ly  to resu lt in considerable decrease of the pipe safety lim its .
Any method attempting to assess the risk of pipeline fracture due to excavation 
induced ground movement, should make allowance for the additional effects  
of corrosion and 'b u ilt  in ' residual stresses. I t  is  also obvious that 
such a method would serve no real purpose unless the quality control of 
trench excavation techniques improves. I t  is hoped that the new version 
of BSCP2003 (1977) "Code of Practice for Earthworks" w ill contribute 
considerably to such improvements.
Examination of the simple method of assessing pipeline fracture by 
Crofts e t al (1980) shows the usefulness of a comparatively simple analytical 
model. I t  is obvious however that the two dimensional and discrete nature 
of such a model imposes serious restric tions. Evidence suggests that the 
vertical component of ground movement is of high magnitude (Gumbel and 
Wilson, 1980) and additional bending stresses may be introduced. Further­
more, due to the poor control of trench excavation works, ground movements 
are expected to be of comparatively higher magnitudes than the corresponding 
movements induced by deep excavations. Crofts et al (1980) based th e ir  
estimations of ground movements on data relating specifica lly  to deep excav­
ations, and these movements might not be representative of trench 
excavations. This underlines the need for establishing a data base 
relating  specifica lly  to trench excavation.induced ground movements and the 
necessity o f developing more representative three-dimensional theoretical 
models-to simulate the soil pipe interaction problem. Such models should be 
capable of modelling adequately the end restraining effects which are treated  
in tu it iv e ly  by the Crofts e t al (1980) model. The development of any method 
for assessing pipeline fractures due to excavation induced ground movements 
should be independent of pipe material or soil properties.
Chapter 4 of this thesis describes two and three dimensional f in ite  
element models of the soil-pipe interaction problem of trench excavations. 
The usefulness of these models depends on th e ir a b ility  to predict the 
nature of the soil-p ipe interaction. Unfortunately only a lim ited amount 
of ground movement data relating specifica lly  to trench excavations is  
a t the moment available. Examination of the common factors affecting  
trench and deep basement excavations may prove valuable in establishing 
the constitutive laws governing the theoretical models. For this reason 
a more detailed examination of the general behaviour of deep excavations, 
based on both observation and analysis, is carried out in Chapter 3.
CHAPTER 3
3 . THE NATURE OF GROUND MOVEMENTS INDUCED BY EXCAVATIONS
3.1 THE EXTENT AND INFLUENCE OF EXCAVATION INDUCED GROUND
MOVEMENTS
Ground movements Induced by excavations are widely recognised as 
a major cause of damage to buried pipelines and services (St.John, 1976; 
Crofts e t a l ,  1977; King et a l ,  1977; Roberts and Regan, 1977; Tarzi 
et a l , 1979; Crofts e t a l ,  1980; Howe et al 1980). High risks of pipe­
line fracture arise from temporary trenching works, owing mainly to 
the pattern of induced ground movements adjacent to the advancing ends 
of the trench (Crofts et a l,  1977; Kyrou et a l,  1980). The estimation 
of the extent and the nature of ground movements induced by trench 
excavations is essential in providing a rational basis of assessment 
of the risk of damage or loss of serv iceability  of a buried pipeline.
Guidance on predicting the magnitude and pattern o f ground movements 
induced by trench excavations is at present based on in tu ition  and 
observation relating to deep excavations CCrofts e t a l,  1977).
The subject of ground movements induced by deep wide excavations 
has achieved prominence in the technical lite ra tu re  of the past decade 
following the comment by Peck (1969) about the scarcity of case histories  
of movements leading to an incomplete understanding of the problem.
Most of the work reported in the lite ra tu re  is focused on the measure­
ment, prediction and minimisation of movements by appropriate constructional 
procedures (Lambe, 1970; Cole and Burland, 1972; S t. John, 1975;
O'Rourke et a l , 1976; S ills  et a l , 1 9 7 7 ;  Burland and Hancock, 1977, Creed, 
1979). Although much knowledge has been gained from this recent work, 
accurate prediction of movements prior to the commencement of an 
excavation project is s t i l l  d if f ic u lt  and unreliable owing to the 
complexity of assessing the factors affecting excavation performance.
These factors include support type, excavation geometry, soil properties, 
ground water, in -s itu  stresses and excavation procedure (Lambe, 1970). 
Reasonable estimates of upper and lower lim its  of movement are possible 
i f  they are based on experience gained from f ie ld  measurements in a 
given lo ca lity  (Burland et a l , 1979). Even i f  i t  is  assumed that a 
satisfactory estimation of ground movements induced by deep/wide 
excavations is possible, simple scaling down of the estimated move­
ments to apply to shallow/narrow trench excavations may be inappropriate 
owing mainly to differences in construction (_Gumbe1 and Wilson, 1980).
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There is an urgent need for collecting ground movement data relating  
specifica lly  to trench construction. Such a collection of data would 
serve as a base which would be of considerable help in simulating 
theoretically  the soil-p ipe interaction problems which in turn w ill 
form the basis of any rational assessment of the risk of pipeline 
fracture. Owing to the lim ited amount of ground movement data relating  
specifica lly  to trench excavations (Gumbel and Wilson, 1980), any 
analytical simulations should be based on the understanding and the 
experience gained from the study of deep excavations. To achieve this  
a study of the general behaviour of deep excavations and a closer 
examination of the factors controlling ground movement is essential.
Such a study w ill achieve a c la rific a tio n  of those elements which play 
a common role in both deep/wide excavations and trench excavations, 
and consequently improve the analytical simulation of the problem.
In the following the basic mechanisms of ground movements induced 
by excavations are described. A.detailed examination of the factors 
controlling ground movement follows. After a b rie f description of 
theoretical f in ite  element simulations of excavation problems, a 
retrospective view summarising the performance of deep/wide and trench 
excavations is presented. Simultaneously a lite ra tu re  review of the 
recent work which focuses attention on the measurement, prediction and 
minimisation of movements induced by excavations is presented.
3.2 THE BASIC MECHANISMS OF GROUND MOVEMENT
3 .2 .1 . Long Excavations
Prior to an excavation the soil behaves as a pre-stressed continuum 
and the soil in -s itu  stresses are described by the at rest earth pressure 
coeffic ient Koi. Excavation results in the r e lie f  of the in -s itu  stresses, 
which gives rise to ground movements in the region of influence of the 
excavation. The pattern and magnitude of movements depends on numerous 
factors but generally the vertical sides of the excavation tend to 
move inwards, the ground outside the excavation tends to s e tt le , and 
the excavation base tends to heave ( f ig . 3 .1 ).
The basic mechanisms of ground movement induced by a long opencutting 
supported by a wall were described by Burland e t al (1979). The soil 
was treated as a porous e lastic  material of low permeability and the 
effects of the re l ie f  of the in -s itu  horizontal and vertica l stresses 
were examined separately.
Fig. 3.1 TYPICAL GROUND MOVEMENTS INDUCED BY A LONG EXCAVATION
Fig. 3 .2  EFFECT OF SUPPORT ON THE INDUCED GROUND MOVEMENTS
The r e l ie f  of the in -s itu  horizontal stresses gives rise  to the 
biggest component of vertical and horizontal movements of the surround­
ing ground and the biggest component of horizontal movement of the 
supporting wall (Creed, 1979). The pattern and magnitude of these 
movements are highly dependent on the support type as illu s tra te d  in 
f ig . 3.2 . I f  the wall is allowed to deflect as a cantilever the 
horizontal ground movements are higher than the settlements, while on 
the other hand, i f  the wall is propped at the top the horizontal move­
ments w ill be s ign ifican tly  less than the settlements. Such excavation 
behaviour has been demonstrated by model tests on sand carried out by 
M illigan (1974) and case histories described by O'Rourke et al 0 976 ). I t  
is interesting to note that when the wall is propped at the top, inward 
wall movements occur at a considerable depth. The general pattern of 
movements as shown in f ig . 3.2 is completely d ifferen t in the two cases.
c.
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F ig . 3 .3  MECHANISM OF VERTICAL GROUND MOVEMENTS
(a fte r Burland et a l9 1979)
The r e l ie f  of the vertical stresses from the base of the excavation 
gives rise to considerable vertica l movements within the excavation 
area as well as deep-seated inward movements of the wall (Peck, 1969.; 
Burland e t a l,  1979). The mechanism of movement arising from the 
re l ie f  of the vertical stresses is best explained by considering 
f ig . 3 .3 . I f  the soil is loaded a t ground surface, i t  w ill deform 
according to f ig . 3.3a. I f  the direction of loading is reversed 
ground deformations w ill be exactly the opposite, i .e .  in the short­
term, heaving w ill occur under the loaded area and settlement w ill 
occur outside this area (f ig . 3.3b). In the long-term the dissipation  
of the excess pore water pressures w ill cause the ground to heave under 
the loaded area, this e ffect spreading outside the loaded area.
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A sim ilar negative loading case is represented in f ig . 3 .3c9 where the 
loading is applied at the base of the excavation. In this case even 
i f  i t  ts assumed that the sides of the excavation are prevented from moving 
horizontally, settlements can occur outside the excavation in the short­
term. Subsequently long-term swelling at the base of the excavation 
w ill be accompanied by ground heave at the surface.
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Fig. 3.4 MECHANISM OF HORIZONTAL GROUND MOVEMENTS (a fte r Burland e t a l , 1979)
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Although this model is highly idealised, measured displacements of the 
tunnels underlying the 12m deep excavation fo r the Shell Centre in 
London indicate sim ilar behaviour (Ward, 1961; Ward and Burland, 1973; 
Burland et a l , 1979). In addition^the release of the vertical stresses 
can give rise to considerable horizontal movements. The horizontal
movements resulting from loading a clay layer at the surface are 
represented in f ig .  3.4a. The movements w ill be of the reverse order 
i f  negative loading is applied (f ig . 3.4b). The effect of the vertical 
stress r e l ie f  a t the base of an excavation is shown in f ig .  3.4c where 
horizontal movements are clearly  deepseated and probably d i f f ic u lt  to 
control by props. Such deep excavation behaviour has been confirmed 
from observations by Huder (1969) and O'Rourke et al (1976) and f in ite  
element analysis by Creed (1979).
3 .2 .2  Rectangular Excavations of F in ite  Depth
In an excavation of in f in ite  length the maximum displacements 
are dependent on the depth of the excavation and the restraining e ffec t 
of the excavation base. Consequently the horizontal movements at the 
edge of the excavation w ill be constant throughout the whole length of 
the excavation ( f ig . 3 .5 ). I f  however the length of the excavation is  
reduced to give a length to height ra tio  o f, say, L/H = 10, the 
excavation end restraining effects w ill result in considerable reduction 
of movement at the excavation corners, while horizontal displacements 
nearer to the centre of the excavation remain unaffected. As the 
L/H ra tio  decreases the restraining effects of the bottom o f the 
excavation disappear and a beam-type deflection behaviour prevails.
Fig. 3 .5  PATTERNS OF HORIZONTAL GROUND MOVEMENTS FOR DIFFERENT-]=- RATIOS
This type of excavation behaviour has been examined an a ly tica lly  
by Kyrou e t a l  (1980). Results from f in ite  element e lastic  models 
showed that both vertical and horizontal movements develop as shown in 
f ig . 3.5. Observations of ground movements from an instrumented t r ia l  
trench excavation by Gumbel and Wilson (1980) and Kyrou e t al (1980) 
showed sim ilar patterns of movement. Similar observations have been
-71-
made by Cunningham and Fernandez (1972). The beam type deflection  
behaviour arising from deep excavations has been observed by Cole and 
Burland (1972) and is sim ilar to the curve of L/H = 1 shown in f ig .  3 .5 .
3.3 FACTORS CONTROLLING EXCAVATION INDUCED GROUND MOVEMENT
3.3.1 Retaining Wall Construetion
A deep unsupported excavation is unstable and fo r th is reason 
some form of support to the vertica l faces of the excavation is  
required. A wall forms an essential part of the support system, giving 
an even distribution of support loads to the ground and consequently 
local consolidation behind the supports or loss of ground can be avoided. 
In the majority of cases the supporting wall can be used as part of 
the permanent structure (Huder, 1972; O'Rourke et a l ,  1976) resulting  
in considerable financial savings. Three types of wall are in common 
use:
( i )  reinforced concrete diaphragm w all,
( i i )  soldier piles with concrete or wood lagging,
( i i i )  sheet p iling .
Wall supports are usually provided by bracing within the excavation 
or by tiebacks anchored deep into the retained soil or solid rock. 
Movements resulting from wall construction are related mainly to the 
constructional procedure associated with each type of wall as well as 
the soil properties. Movements associated with sheet p iling  wall 
construction w ill be assumed to be negligible before mass excavation 
takes place.
The slurry wall construction method is extensively used in a 
variety of projects and soil conditions. In this method a slurry  
f i l le d  trench is excavated and a reinforced concrete wall cast in -s itu  
before mass excavation. The in -s itu  stresses released by the trench 
excavation are partly counterbalanced by the hydrostatic pressures 
of the bentonite slurry. The s ta b ility  of the trench is dependent on 
the properties of the slurry and the retained soil as well as the 
geometry of the trench (Meyerhoff, 1972). Stable trenches can be 
excavated in a variety of soils including very weak clays (Huder, 1972; 
Hann3,1978). The quality and control of the bentonite slurry is
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important in ensuring s ta b ility  of the trench and minimisation of move­
ments (L ittle john  e t a l ,  1971; Nash, 1974; Hanna, 1978). This has been 
confirmed by a f ie ld  t r ia l  in Oslo where the density of the slurry was 
gradually lowered and the slurry was replaced by water (Dibiagio and 
Myrvoll, 1972). The results showed a considerable increase in  
sett!ementSjwhich suggested that horizontal ground movements increased as well.
In a stable trench, movements due to slurry trench excavation 
are highly dependent on the soil properties and in -s itu  stresses. They 
consist of two components:
( i )  the inward wall movement due to the release
of the stresses at the sides of the trench,
( i i )  the outward wall movement due to concreting.
Observations by Lambe et al (1972) on an 18m deep diaphragm wall
in heavily overconsolidated Boston blue clay showed that the maximum
inward wall movement was 19mm and about ha lf of i t  was recovered upon 
concreting. Farmer andAttewell( 1973) observed 16mm of horizontal 
ground movement induced by a slurry trench excavation. The equivalent 
vertical movement was 6mm. No further ground movements occurred a fte r  
concreting. S ignificant movements due to diaphragm wall construction 
in London Clay have been reported by St. John (1975) and Burland and 
Hancock (1977). In contrast observations of wall movements in in te r­
bedded sands and clays in Chicago (Cunningham and Fernandez, 1972) 
and glacial f i l l  in Montreal (Rosenberg et a l , 1977) showed no s ign ificant 
movements due to wall in s ta lla tio n .
Any movements associated with soldier p ile  wall construction are 
basically due to the in sta lla tio n  of the lagging against the "H"-section 
soldier p iles . No movement is associated with the driving of the 
soldier p iles. • I t  is d if f ic u lt  to assess this component of movement 
because wall construction takes place in paralle l with mass excavation 
and no records of such movements are available. However evidence given 
by Peck (1969) suggests that the movements are affected by the method 
of insta lling  the lagging. A plan view of a typical soldier p ile  wall 
in clay is shown in f ig . 3.6a. Insta lla tion  of the lagging takes place 
a fte r trimming of the spaces between the soldier piles while the earth 
pressure is transferred d irectly  to the "H"-piles. A d ifferen t arrange­
ment of the lagging is shown in f ig . 3 .6b,the main aim being to include
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the soldier piles into the reinforcing of the permanent structural 
w all. In this case, the heavily loaded clay behind the "H"-pile is  
trimmed to accommodate the lagging and as a result considerable movements 
and loss of ground take place. According to Peck (1969) the settlements 
adjacent to an excavation made following the second method, were almost 
three times as great as those next to an excavation made by the f i r s t  
method. Both excavations were made by the same contractor in the same 
area, the two sites being only a block away.
Unexcavated Soi
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Fig. 3 .6  METHODS OF TRANSFERRING EARTH PRESSURE FROM LAGGING 
TO SOLDIER PILES (a f te r Peck, 1969)
3.3.2 Retaining Wall Stiffness
After mass excavation the supporting walls accommodate themselves 
to a high degree to the movements of the mass of soil in which they 
are enclosed (Peck, 1969). Generally the stiffness of the wall is 
not a major factor in reducing considerably the magnitude of ground 
movements (St. John, 1975). Peck (1969) suggested that the only 
apparent advantage of s t i f f  walls is the fact that they allow larger 
support spacings. Analyses carried out by Wong (1971) and Clough and 
Tsui (1974)showed|that very large wall stiffnesses would be required to 
reduce movements s ign ifican tly . S im ilarly , f in ite  element analyses of 
anchored diaphragm walls in London Clay carried out by Creed (1979) showed 
that the average horizontal wall displacement and the horizontal 
displacement a t the base of the wall are independent of the wall 
stiffness. In addition, surface settlements were shown to be 
insensitive to wall s tiffness. The displaced wall p ro file  showed a 
significant variation with wall stiffness ( f ig . 3 .7 ). The results of 
a parametric study of sheet p ile  walls in soft Oslo Clay carried out 
by Palmer and Kenney (1972) showed that wall stiffness is of considerable 
importance. The pattern and magnitude of ground movements were found 
to vary with wall stiffness and this was attributed to the in a b ility  
of weak sheet p ile  walls to transmit earth pressure loads to the wall 
support struts.
3.3 .3  Retaining Wall Penetration Below the Base of the Excavation
F in ite  element analyses carried out by Stroh and Breth (1976) and 
Creed (1979) indicated that horizontal movements are insensitive to 
wall penetration below the base of the excavation. In addition Creed 
(1979) showed that the structural forces in the supporting wall above 
excavation level remain unaltered. Complete toe-fixing in a bedrock 
was shown to a ffec t s lig h tly  the general pattern of movements and 
reduce horizontal ground movements by more than 50% (Stroh and Breth, 
1976). Cunningham and Fernandez (1972) studied a number of observations 
of ground movements induced by excavations in Chicago and concluded that 
wall movements are not affected by wall penetration unless the wall is  
keyed into a highly resistant stratum. They suggested that wall 
penetration should be based on bottom heave fa ilu re  considerations 
only.
-75-
lO O 5 0 O
No wall 
0. 5m R. ( 
1m R. C.
1m Rigi<
4
8
O
o
>
E
E
\  ■ 16
Fig 3. 7 INFLUENCE.OF WALL RIGIDITY ON GROUND MOVEMENTS
(a fte r  Creed, 1979)
3.3 .4  Retaining Wall Support System
Wall support is basically provided by bracing within the 
excavation or by tiebacks to anchors deep into the retained soil or 
rock. In a small number of cases unsupported cantilevered walls 
have been constructed and keyed into highly resistant strata . An 
accurate assessment of the influence of wall support on ground move­
ments is d if f ic u lt  since there can be no control on the precise detail 
of application of support and its  sequence and timing, since they 
depend on a large number of factors which vary from day to day on an 
active construction site  (Burland et a ], 1979). In fact a comprehen­
sive survey of maximum horizontal movements induced by deep excavations 
(Crofts e t a l , 1977) showed l i t t l e  correlation between movement and 
support type (f ig . 3 .8 ).
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Although a quantitative comparison of the excavation induced ground 
movements, associated with d ifferen t types of support, is d i f f ic u lt ,  
a qualita tive  assessment of the influence of support type is possible. 
Bracing members provided within the excavation area are generally 
s t if fe r  than anchored tiebacks. However in general the movement 
required to bring the bracing in contact with the wall as well as the 
time lag between the excavation at support level and provision of support 
at that particu lar lev e l, reduce the effectiveness of the bracing 
(Clough and Tsui, 1974). Palmer and Kenney (1972) suggested that the 
effective bracing stiffness may be very much below the theoretical 
value. Burland and Hancock (1977) showed that good contact between 
support and wall as well as well-timed provision of positive support 
can reduce ground movements considerably.
From observations of movements induced by deep excavations in  
terrace deposits of dense sand and interbedded s t i f f  clays in 
Washington D.C., O'Rourke et al (1976) showed that preloading of the 
upper level struts results in a net decrease of la tera l movement.
Movements obtained from observations and f in ite  element simulations 
of braced excavations in London Clay (St. John, 1975) showed a consistent 
pattern of wall deformations with the maximum horizontal movement near 
the base of the excavation. The tendency of maximum wall movements to 
concentrate below the bracing level has been shown by Flaate (1966),
Palmer and Kenney (1972), O'Rourke et al (1976) and Izumi e t al (1976).
Anchored tiebacks are more fle x ib le  than braces. The pattern 
and magnitude of ground movements is considerably affected by the level 
of prestressing (Creed, 1979) and as Clough and Tsui (1974) suggested, 
tied back walls can give movements which are less than those resulting  
from braced walls. However detailed observations of an anchored diaphragm 
wall in London Clay (S ills  et a l,  1977) showed that movements were quite 
high and about 40% of the movements could be measured beyond the 
anchorage zone which extended to a distance a t least twice the 
excavation depth. A probable explanation of this behaviour is that 
block movement of the ground (Peck, 1969) within the anchorage zone 
takes place especially in the case of overconsolidated clays where the 
excavation zone of influence extends to a considerable distance from 
the excavation (Burland et a l,  1979). Extension of the anchorage zone 
by increasing the tieback length may reduce movements considerably
(Stroh and Breth, 1976). Vertical wall movements attributed to tieback 
prestressing have been observed by S ills  e t al (1977) and as Broms and 
S t il le  (1976) suggested, excessively inclined anchors can give rise  
to very large vertical movements and probably\cause bearing capacity 
fa ilu re . S ta b ility  problems due to anchor prestressing and anchor 
inclination have been reported by several researchers,(McRostie e t a l , 
1972; Tsui, 1974; L ittle john and McFarlane, 1974; Ostermayer, 1976).
3 .3 .5  Soil Properties
I t  is extremely d if f ic u lt  to assess accurately excavation 
performance based on the characteristics of the surrounding s o il. The 
nature of the soil in -s itu  masses is very complicated and the soil 
pro file  together with the soil properties may vary with the three 
co-ordinate directions. In addition, complications in the assessment 
of soil properties arise due to the dependency of soil properties to 
ground water control and time (Lambe, 1970).
Observational data (Peck, 1969) suggest that soil type is the 
most important variable which determines the amount of movement induced 
by an excavation. Ground settlement curves presented by Peck (1969)^ 
f ig . 3 .9 , show that excavation induced ground movements are closely 
related to the soil stiffness. Very soft to medium plastic clays 
are subjected to very large settlements, while cohesive granular or 
cohesionless soils are subjected to comparatively small settlements. 
S t i f f  clays are subjected to small and mostly e lastic  movements.
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The importance of the soil properties has been emphasised by O'Rourke 
et al (1976) who showed that observed ground movements induced by 
excavations in dense sand and interbedded s t i f f  clays in Washington D.C. 
are much smaller than those induced by excavations in Chicago soft 
clay.
Ground movements associated with excavations in s t i f f  fissured 
London Clay are strongly time dependent (Cole and Burland, 1972;
St. John, 1975; S ills  et al 1977; Gumbel and Wilson, 1980). These 
movements are associated with a progressive reduction in stiffness  
which is more obvious near the ground surface. Cole and Burland (1972) 
attributed this reduction in stiffness to probable opening of the 
fissures and they suggested that the factors controlling this stiffness  
reduction are the slope and depth of cut and time the excavation is 
le f t  unsupported. No sign ificant time effects have been associated 
with excavations in soft saturated clays. Observations by Flaate (1966) 
and O'Rourke et al (1976) demonstrated the incompressible behaviour of 
soft clays by the equal volumes measured of la te ra l wall movement and 
ground settlement.
I f  the soil is assumed to behave as an e lastic  continuum, i t  is evident 
that ground movements w ill increase lin early  with the at rest earth pressure 
coeffic ient Ko /(St. John, 1975; Wong, 1971; Creed, 1979) and decrease in 
inverse proportion to the ground stiffness. The soil stress history 
affects considerably the excavation performance (Stroh and Breth, 1976). 
Experiments by Brooker and Ireland (1965) demonstrated that the stress 
history of the soil governs the value of the coefficient of earth 
pressure a t rest (Ko) which increases as the Overconsolidation Ratio 
(0C) increases. S im ilarly the ratio  of the horizontal to the vertical 
stiffness increases but not to the same extent as Ko’. Accordingly, 
measurements in the London area suggest that the horizontal stiffness of 
London Clay is approximately twice the vertical stiffness (Gibson, 1974; 
Atkinson, 1975) while the value of Ko’ is around 3 at the surface (Skempton, 
1961; Bishop et a l , 1965; Windle and Wroth, 1977). Laboratory tests 
on retaining walls (Anderson e t a l ,  1977) demonstrated the importance 
of stress history on the behaviour of the retaining w all. The tests 
showed that higher wall movements are associated with high values of the 
Overconsolidation Ratio (OCR).
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3.3.6 Excavation Geometry
As might be expected in tu it iv e ly , the excavation geometry affects  
both the s ta b ility  of the excavation and the nature of ground move­
ments in the zone of influence of an opencut. In s ta b ility  arises 
mainly due to active wedge fa ilu re  (Meyerhof, 1972) or due to base 
fa ilu re  and excessive heave (Terzaghi and Peck, 1967; Bjerrum and 
Fide, 1956).
F in ite  element analysis of tied back walls by Clough and Tsui 
(1974) showed that deeper excavations give more soil settlement and wall 
movement under a ll circumstances. Furthermore, the analysis has shown 
that fo r deeper excavations there is an increase in the ra tio  of s e ttle ­
ment to the excavation depth. Similar observations have been made by 
Stroh and Breth (1976) who suggested that lim its to the depth of 
excavations supported by tied back walls, should be imposed to avoid 
excessive ground movements.
The e ffec t of the excavation width has been studied by Creed 
(1979) who showed th at, as the excavation width increases the anchored 
wall translates towards the excavation. The results also showed that 
horizontal and vertical movements both increase with increasing excavation 
width.
The restraining effec t of the excavation corners has been demonstrated 
by observations of movements of a retaining wall in London Clay (Cole 
and Burland, 1972). Although the movements were highly time dependent 
the observations showed a clear beam type deflection pattern which is 
typical of deep excavations. The restraining effects of excavation 
corners have been noted by St. John (1975).
3 .3 .7 Constructional Procedure
According to Peck (1969) "Movements could be prevented i f  the 
entire supporting structure including the sheeting, the w alls , the 
struts or ties and even the base slab fo r the complete structure 
could be constructed in th e ir fin a l position before the removal of the 
enclosed so il" . In making the above statement, Peck (1969) assumed 
that deflections due to the supporting system are small. This statement
underlines the importance of the excavation procedure in minimising 
movements induced by deep excavations. As has been emphasised by 
Clough and Tsui (1974), although braces within the excavation area 
are generally s t i f fe r  than tiebacks they allow more movement because 
usually they are installed at a la te r  stage in the excavation. A 
successful treatment of the problem of over-relaxation is the "upside- 
down technique"described by Burland and Hancock (1977). According to 
this technique the floor slabs are constructed at excavation level and 
they serve as permanent struts as the excavation proceeds below that 
leve l. An application of the above method in the construction of the 
underground car park at the House of Commons (Burland and Hancock,
1977) showed that minimisation of movements to tolerable levels is not 
an im possibility.
The importance of the time of provision of support has been 
underlined by O'Rourke et al (1976). In a comprehensive study of movements 
around deep excavations in dense sand and interbedded s t i f f  clays in 
Washington D.C. as well as deep excavations in soft clay in Chicago, 
he showed that lack of provision of support can introduce cantilever- 
type deflections of the soil mass which are irrecoverable upon provision 
of support. In examining the ratios of vertical to horizontal move­
ments which are of fundamental importance in causing structural damage 
to buildings, O'Rourke et al (1976) concluded that these ratios are 
diagnostic of certain excavation methods.
A useful technique applied recently, aiming to s tab ilise  deep 
excavations and reduce movements before affective support in s ta lla tio n  
is the use of perimeter berms at the base of the excavation (Cole and 
Burland, 1972; Insley, 1972; St. John,1975; O'Rourke e t a l ,  1976). This 
technique can be very useful in the case of excavations made in clays 
because perimeter berms help to maintain adequate stresses close to 
the toe of an embedded retaining wall (Burland et a l,  1979). S ta b ility  
of the retaining wall is achieved by the counteracting weight of the 
berm and the increased shear strength of the soil near the toe of the 
wall due to the additional vertical stresses imposed by the berm.
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In addition, soil softening and reduction in soil stiffness  
due to the opening of fissures can be avoided. This technique was 
described by St. John (1975) who showed that i t  can be very e ffic ie n t  
in minimising movements. Fig. 3.10 shows the la tera l displacements of 
a 16m deep retaining wall at the YMCA building in London. Removal of 
the perimeter berm was achieved in small lengths but s t i l l  the associated 
wall movements were of considerable magnitude. However, as the 
displacement profiles show the restraining effects of the berm are 
obvious, which suggests that movements might have been much higher 
without the use of the berm.
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Fig. 3.10 INFLUENCE OF PERIMETER BERM ON WALL MOVEMENT -  CENTRAL YMCA 
(a fte r  St. John, 1975)
Although the excavation techniques may be thoroughly designed, 
minimisation of movements cannot be achieved unless the quality  control 
is high. As Lambe (1970) has counselled, i t  is the engineer's duty to 
make sure that the execution of a project is carried out in a proper 
way.
3.3 .8  Ground Water
According to Lambe (1970) the ground water can play three 
important roles in braced excavation problems as follows:
( i )  i t  acts against the wall and thus contributes to
the stress which must be carried by the support system;
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(ii) it influences the effective stress in the soil;
( i i i )  water flowing into the excavations can carry soil 
into the excavation.
The to tal thrust carried by an excavation wall is the sum of the 
water pressure component and the effective stress component. A long­
term reduction in the water pressure component a t the back of the wall
can be achieved by the provision of drains.
Any time dependent effective stress changes caused by excavations in
clay soils are lik e ly  to introduce additional ground deformations. These
effective stress changes are caused by dissipation of the excess pore- 
water pressures induced by the excavation and the steady state seepage, 
conditions arising from the long term head difference across the wall 
(Creed, 1979). The reduction in pore water pressure behind the wall
induced by the excavation (Lambe et a l , 1972; Burland and Hancock, 1977) is 
the cause of soil swelling a fte r pore pressure dissipation. On the 
other hand, steadystate seepage is associated with a general reduction 
in pore pressure which gives rise to consolidation. In the long-term 
zones of swelling and consolidation are generated resulting in additional 
ground settlements and wall horizontal movements. Wong (1980) reported 
very large movements a fte r  the excavation and dewatering operation 
of a deep excavation. Observations and analysis showed that a large 
proportion of the movements were caused by consolidation.
When excavations are made in sandy soils any water flowing into  
the excavations can carry fines and this may resu lt in ground settlement 
outside the excavation (Peck, 1969). The flow of water into the 
excavation can introduce s ta b ility  problems due to rapid upward seepage 
through the excavation base. Marsland (1953) described experiments on 
model excavations in non-cohesive soils to determine the type of fa ilu re  
occurring due to seepage water. He concluded that the head a t which 
in s ta b ility  of a cofferdam occurs increases with increasing excavation 
width and penetrations of the sheeting. In certain cases i t  is  
impossible to increase s ta b ility  by increasing the depth of penetration 
of the sheeting because of possible piping or boiling due to the high 
pressures underlying fin e r material below the base of the excavation.
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I t  was found more economical to increase the factor of safety against 
piping by introducing drainage wells instead of increasing the cu t-o ff 
wall depth.
Ward (1957)"examined the s ta b ility  of a cut in clay overlying a 
water bearing stratum. He suggested that the base fa ilu re  occurred 
because of the high water pressures in the water bearing stratum and
concluded that sheet p ile  penetration to this stratum may reduce the
shearing resistance of the overlying clay layer and increase the 
possib ility  of boiling. M illigan and Lo (1970) a fte r examining a 
number of f ie ld  cases suggested that sheeting should not be driven 
below the base of the excavation unless provision is made to relieve  
u p lif t  water pressures acting on the impervious layer.
3.4 STABILITY OF THE EXCAVATION
Prior to any attempt to estimate ground movements caused by an 
opencut, the problem of s ta b ility  should be examined. S ta b ility  should 
be considered fo r two d is tin ct cases:
( i )  the case of an unsupported excavation* and
( i i )  the case of a supported excavation.
In the majority of excavation projects removal of earth materials 
takes place up to certain depths before effective support is provided. 
Meyerhoff (1972) examined the s ta b ility  of unsupported cuts in saturated 
clays or cuts f i l le d  with bentonite slurry and he presented simple 
formulae fo r calculating the c r it ic a l depth of excavations. His method* 
which is based on an inward fa ilu re  of the sides of the trench due to 
active earth pressure shows that the s ta b ility  of an excavation depends 
on its  geometry* the soil properties and the quality of bentonite slurry. 
Application of his method showed that the theoretical results obtained 
compared favourably with some fie ld  tests made in relation to the Oslo 
subway construction. The a b ility  of the bentonite slurry to s tab ilise  
unsupported trenches has been demonstrated by Huder (1972) who concluded 
that slurry f i l le d  trenches can be excavated in very weak clays. The 
control of the quality and the level of the bentonite slurry during 
the excavation process in the f ie ld  has been stressed by L ittle john  e t 
al (1971), Nash (1974) and Hanna (1978).
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The s ta b ility  problem of strutted deep excavations is d iffe ren t 
and a detailed description is given by Bjerrum and Eide (1956) and 
Terzaghi and Peck (1967). The soil outside an excavation acts as a 
surcharge on the soil under excavation level and i f  the surcharge is 
great enough bearing capacity fa ilu re  may occur ( f ig . 3 .11).
Surface o f .sliding
Fig, 3.11 STABILITY OF EXCAVATIONS IN CLAY {a fte r  terzaghi and Peck,
1967)
I t  is assumed that the strutting system is strong enough to withstand 
any la tera l pressures and hence minimise horizontal movements. According 
to Peck (1969) ground movements are e lastic  i f  the dimensionless number.
N = yH/S^Hs less than 3.14. As soon as N approaches 3.14 a state of 
fa ilu re  at the bottom of the excavation is reached and movements a t the 
base s ta rt to increase very rapidly due to the spreading of the plastic  
zone. Peck (1969) suggested that base fa ilu re  takes place when 
N = Nc = 5.14 but he underlined that his method might be conservative 
since the strength of the soil above the base is ignored and the excavation 
assumed to be of in f in ite  length. The above factors have been considered 
by Bjerrum and Eide (1956) and a sim plified method proposed fo r estimating 
the factor of safety against bottom heave fa ilu re . This method considers 
the e ffec t of surcharge loading ( f ig . 3 .12). Comparison of the results 
obtained by the method showed excellent agreement with f ie ld  observations 
of base fa ilu re  in Oslo clay (Bjerrum and Eide, 1956). The value of 
Nc was found to be around 7 for ordinary excavation shapes compared 
to 5.14 proposed by Peck (1969). Ward (1955) reported four cases of 
inward yielding and bottom heave at Tilbury. A typical fa ilu re  is shown 
in f ig . 3.13. The p iling  on one side moved outwards and rose above the 
original level while the bottom heaved.
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-86-
In examining the reasons fo r the large movements a t the base 
of excavations in overconsolidated clays, Peck (1969) suggested that 
such movements could be due to passive fa ilu re  a t the excavation base. 
Cunningham and Fernandez (1972) concluded that wall penetration should 
be governed by base heave fa ilu re  considerations only since movements 
are insensitive-^ to wall penetration. S im ilarly , Creed (1979) showed 
analy tica lly  that bearing pressures a t the base of the wall decrease 
with the depth of wall penetration,and concluded that an increase in 
wall depth is lik e ly  to lead to an increasingly stable excavation.
Another form of fa ilu re  of an unsupported excavation in Oxford 
clay was reported by Burland et al (1977a)j Movements of a 29m deep cut 
sloping a t 72°, showed that a horizontal shear band has developed at 
the excavation base and the clay moved as a block. One of the reasons 
why the band developed horizontally is the presence of re la tiv e ly  hard 
strata beneath the excavation level.
Local fa ilures due to prestressing of the tiebacks of anchored 
walls were reported by McRostie et al (1972). In order to avoid local fa ilures  
at the top of an anchored diaphragm w all, L ittle john and McFarlane (1974) 
suggested that the minimum depth of the top anchor should be 1.5m.
3.5 OBSERVATIONS OF EXCAVATION INDUCED GROUND MOVEMENTS
Peck (1969) suggested that valid settlement predictions made 
solely on the basis of theory and soil tests are impossible and 
observational data are needed as a guide to judgement. In the past 
decade the subject received a lo t of attention and numerous publications 
dealt with the measurement of the magnitude and distribution of ground 
movements in the v ic in ity  of an excavation (e.g. Cole and Burland, 1972;
St. John, 1975; O'Rourke et a l , 1976; Burland and Hancock, 1977; S ills  
et a l ,  1977). Useful techniques for measuring ground movements have 
been described in the lite ra tu re  (Burland and Moore, 1973; Ashkenazi 
et a l , 1980). Peck (1969) f i r s t  presented a summary of settlement data 
from d iffe ren t lo ca litie s  covering a wide variety of soil conditions.
On the basis of this data he presented settlement zones relating  
specifica lly  to soil type and workmanship ( f ig . 3 .14). These zones 
are described by upper and lower lim its , possibly to account fo r the 
d ifferen t factors affecting excavation performance described previously 
in this chapter. An extensive collection of horizontal and vertica l
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Fig. 3.14 SUMMARY OF SETTLEMENTS ADJACENT TO EXCAVATIONS IN VARIOUS 
SOILS (after Peck, 1969)
ground movement data from deep excavations in Chicago and Washington D.C. 
was presented by O'Rourke et al (1976). Settlement data from excavations 
in dense sand and interbedded s t i f f  clays in Washington D.C. ( f ig . 3.15) 
showed a consistent pattern of distribution and they are of considerably 
smaller magnitudes than those given by Peck (1969). Although the 
magnitude and distribution o f these settlements could be attributed to 
the consistency of the constructional procedures, O'Rourke e t al (1976) 
reported sim ilar observations of settlement in interbedded sands and 
clays in San Francisco, Los Angeles, Boston and Minneapolis. This shows 
once again that the soil type is the most important factor controlling  
ground movement. The collection of settlement data relating to 
excavations in soft clay in Chicago by O'Rourke et al (1976)("fig. 3 .1 6 )  
shows reasonable agreement with the settlement zones given by Peck 
(1969). The noticeable reduction of the width of the settlement zones 
has been attributed to the fact that Peck's (1969) collection includes 
data from braced excavations in Oslo where the depth of soft clay 
beneath the excavation bottom was in most instances larger than the 
Chicago cuts. Owing to insu ffic ien t horizontal movement data, O'Rourke 
e t al (1976) presented no horizontal movement zones relating sp ec ifica lly  
to soil type. I t  was assumed, however that the soil displacement is  
related to the mode of deflection of the supporting wall and that a 
consistent relationship exists between la tera l and vertical ground move­
ments depending on the type of wall deflection. Fig. 3.17 presents the 
ratios of horizontal to vertical movements fo r braced cuts in Washington 
D.C. Similar relationships from propped and cantilevered walls based 
on model tests by M illigan (1974) are also presented. Horizontal movements 
seem to be of smaller magnitudes than vertical movements.
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Fig. 3.17 RATIO OF HORIZONTAL TO VERTICAL GROUND MOVEMENTS FOR 
MODEL TESTS AND EXCAVATIONS IN WASHINGTON, D.C.
In order to examine the influence of ground movements induced by 
excavations on adjacent buried pipelines Crofts et al (1977) carried  
out a comprehensive review of horizontal ground movements. There was 
no apparent correlation between support type, constructional procedure 
and horizontal ground movement, f ig . 3 .8. An upper bound lim it  of 
settlement equal to0.55H%(has been proposed. However Symons (1978) 
and O'Rourke (1978) noted that horizontal ground movements may exceed 
the above lim it. Curves of horizontal g round movements presented by Crofts 
, et al (1978) show that these are (dependent on the soil type ( f ig .  3 .18).
The reduction of movement with distance from the excavation is shown 
by curve C in f ig . 3.18, which shows no s ign ificant horizontal ground 
movement at a distance greater than four times the depth of the excavation.
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Although the ground movement curves given by Peck (1969) and 
Crofts e t al (1978) show a reasonable estimate of maximum ground move­
ments these movements may be over-estimated (O'Rourke et a l ,  1976). 
Indeed, measured ground movements in the London area vary considerably 
despite the consistency of the ground conditions. This underlines the 
importance of the constructional procedure and the resulting effects on 
ground movements.
The ground movement curves presented by Peck (1969) and Crofts 
et al (1978) show an increasing reduction of movement with distance 
from the excavation. Although these curves might be valid fo r the 
majority of excavations in certain cases the wall i ts e lf  has a profound 
influence on the pattern of ground movement distribution (Burland and 
Hancock, 1977). As f ig . 3.19 shows, the horizontal and vertical ground 
movements near the top of the south and east retaining walls were very 
small. Vertical movements were probably minimised due to the support 
offered to the wall by the lower strata while horizontal movements were 
minimised due to the constraining effect of the upper level slab.
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Fig. 3.19 OBSERVED HORIZONTAL AND VERTICAL MOVEMENTS AT VARIOUS DISTANCES FROM 
(a) THE SOUTH,WALL AT THREE STASES OF CONSTRUCTION AND (b) THE EAST 
WALL AT COMPLETION OF EXCAVATION (a fte r Burland and Hancock, 1977)
3.6 PREDICTIONS OF GROUND MOVEMENTS INDUCED BY EXCAVATIONS
Although in the majority of projects involving stable deep 
excavations the induced ground movements have comparatively l i t t l e  
effec t on the performance of the structure under construction, th e ir  
magnitude and pattern of distribution with distance from the excavation 
faces is c r it ic a l in estimating the risk of damage to structures and 
services in the v ic in ity  (O'Rourke et a l,  1976). The f in ite  element 
method, which proved to be a very versatile  and powerful method, when 
applied in most branches of engineering and physics, gives the best 
alternative fo r prediction of ground movements induced by excavations.
Following the recent advances in the f in ite  element method there is a 
temptation to believe that given the analytical power, q u a lita tive ly  
and quantitatively correct predictions of ground movements can be made. 
This is fa r  from the truth since fo r such accurate solutions, exact 
description of the excavation geometry, soil properties, support 
characteristics, excavation procedure and soil in -s itu  stresses is 
essential. Although the fin a l geometry of an excavation may be well 
defined, the geometry at various stages o f construction may be quite 
unpredictable (Burland, 1978) depending on many factors outside the 
control of the designer. I t  is well known that each excavation step and 
provision of positive support needs to be modelled as closely as possible, 
especially when the soil is treated as a non-linear material (Clough and 
Mana, 1976). Modelling problems arise due to inadequate description of 
the ground geometry i ts e l f ,  since in order to obtain an accurate three- 
dimensional picture of the underlying s tra ta , a large number of poreholes 
is required (Burland, 1978). Additional modelling problems arise due 
to inadequate description of the soil in -s itu  stresses.
A simulation of the complex response of the soil in -s itu  masses 
to external loading is an extremely d if f ic u lt  matter since a typical soil 
mass behaves in a non-linear, non-homogeneous, time-dependent manner 
(Creed, 1979). Determination of the constitutive relationships of the 
soil masses from laboratory soil tests has proved d if f ic u lt  owing to 
the variation of the laboratory testing conditions from those in the f ie ld  
(Sutton, 1979). Butler (1975) demonstrated this by showing that the 
ratio  of the undrained soil stiffness to the undrained shear strength 
(Eu/Cu) is around 100 from laboratory tr ia x ia l tests and between 500-1000 
in the f ie ld . In -s itu  soil tests in London Clay give more re liab le  
ground stiffnesses (Marsland, 1971) whichare comparable to those 
obtained from f in ite  element back analysis (Cole and Burland, 1972;
St. John, 1975). A useful comparison of ground stiffness fo r London Clay, 
obtained from laboratory tr ia x ia l tests, large scale in -s itu  tests and 
f in ite  element back analysis has been presented by St. John (1975)
Based on the stress strain relationships used, the f in ite  element 
models can be described as linear e la s tic , non-linear e lastic  and elasto- 
plastic . A detailed description of the f in ite  element models used in  
geotechnical engineering together with a comprehensive review o f th e ir  
application in f ie ld  problems was presented by Kalteziotis (1980).
Although the complexity of these models varies, there is no clear 
indication that more complicated models are more useful when applied 
to the case of excavation in s t i f f  over-consolidated clays. There is 
a great deal of evidence that provided strains are small the soil behaves 
in a lin early  e las tic  manner.(Atkinson, 1973). In the case of excavations, 
high stress concentrations take place at the toe of the wall and yielding  
of the soil may occur. I f  however the factor of safety against bottom 
heave fa ilu re  is high, linear e la s tic ity  may be used to calculate 
displacements with reasonable confidence (Morgenstern and Eisenstein, 1970).
A plan strain lin ear e lastic  model was used by Ward and Burland (1973) to 
predict movements induced by an 18.5m deep excavation fo r the underground 
car park a t the House of Commons. The predictions were published prior 
to construction of the car park and showed good agreement with the 
subsequently measured wall movements (Burland and Hancock, 1977). The 
above analysis was carried out using ground stiffness obtained from the 
back-analysis of the 20m deep excavation for the basement of the B rittan ic  
House in London (Cole and Burland, 1972). I t  is interesting to note that 
the analysis has shown a substantial increase of stiffness with depth. 
Furthermore, the ground stiffness showed a substantial reduction with time 
which was attributed to the opening of fissures, especially at the ground 
surface. Reasonable predictions of ground movements were made by Bari a 
and Mascardi (1974) using a linear e lastic  f in ite  element model, when 
studying the behaviour of a 34m high anchored diaphragm wall in over­
consolidated clay and limestone boulders in Genoa. Creed (1979), used a 
linear e lastic  model in a parametric study of excavations supported by 
anchored diaphragm walls. Applications of the model to back analyse the 
Neasden by-pass excavation (S ills  e t a l,  1977) showed an increase in
p
ground stiffness described by Ev = 5 + 6Z (MN/m ) .  A close comparison 
of the predicted and measured wall movements was achieved, but considerable 
differences between calculated and observed movements outside the excavation 
were reported. Back analysis of wall supported excavations in London Clay 
carried out by Rodrigues (1975) and St. John (1975) showed good qualita tive  
comparisons between calculated and measured ground movements.
I t  is widely accepted that soils behave in a non-linear manner. In 
the simulation of positive loading problems lik e  embankments and foundations, 
implementation of the non-linear soil behaviour is necessary because of 
the large strains introduced. The same applies to excavations with a low 
factor of safety against base fa ilu re . Normally consolidated clays, however,
behave in a non-linear manner even i f  the excavation has a high factor 
of safety (Davies and Poulos, 1968). The main d iff ic u lty  in simulating 
the soil non-linearity in f in ite  element analysis, has been the description 
of the stress-strain relationship fo r so ils . Kodner (1963) has shown that 
the non-linear stress-strain curves for both clay and sand may be 
approximated by a hyperbola with a high degree of accuracy. This gave 
rise to the development of the hyperbolic model (Duncan and Chang, 1970).
In this formulation, fa ilu re  is described by a Mohr-Coulomb yie ld  
criterion  while the tangent modulus and Poissons ratio  are dependent 
on the stress level in the s o il. An e a rlie r  representation of the stress- 
strain curve was achieved by the piecewise linear e lastic  model, which 
was applied by Wong (1971) in the study of braced excavations. Desai 
(1971) represented the soil stress-strain relationships by f i t t in g  cubic 
splines through sets of points obtained from tr ia x ia l tests.
The hyperbolic model proved to be the most popular non-linear model, 
probably due to its  efficiency in computation and the small number of 
parameters required to describe the s o il. Chang and Duncan (1972) used 
a hyperbolic model to investigate the behaviour of the 67m deep excavation 
fo r the Buena Vista Pumping Plant in C alifornia. The excavation was in 
inter-bedded sands, s ilts  and clays. During the f i r s t  stage of the 
excavation (50m) surprisingly large soil movements occurred. Due to 
the importance of the excavation in terms of its  cost and function, i t  
was necessary to determine whether these movements were indicative of 
impending fa ilu re  or merely the effects of deep excavation. The analysis 
which was based on parameters determined from standard laboratory tests 
showed a close correspondence between calculated and observed ground 
movements. I t  was concluded that there was no danger of impending 
catastrophic fa ilu re .
A sim ilar model was used by Clough et al (1972) to study the " 
behaviour of a 20m deep excavation in heavily over-consolidated clay in 
Seattle. F in ite  element analysis was carried out before and a fte r  
construction o f the soldier p ile  w all. Both the original design and 
design modifications which followed were based on the results of the 
analysis. I t  was concluded that the f in ite  element studies aided 
invaluably in the development of a safe and economical design and the 
cost of the studies was acceptable.
The hyperbolic model has been applied with success by Clough and 
Duncan (1971) to analyse the behaviour of retaining walls. Use was made 
of the one dimensional interface element developed by Goodman et al (1968), 
which allows fo r s lip  and fr ic tio n  between the so il-structure interface.
The stress deformation characteristics of the interface between the back­
f i l l  and the wall were investigated by means of d irect shear tests on 
composite specimens. I t  was concluded that the stress-deformation 
relationships obtained from those tests could be represented fa s tly  and 
accurately by means of empirical equations sim ilar to those used to 
represent the hyperbolic stress-strain relationships,for so ils . A 
hyperbolic model used by Kulway (1974) to analyse the behaviour of a 
gravity retaining wall has shown that pressures behind the w a ll, l ie  
between the a t rest condition and the active condition. In su ffic ie n t 
wall movement prevented fu ll mobilization of the active state. F in ite  
element analysis of tied-back and braced retaining structures was carried 
out by Murphy et al (1975) purely within the framework of a consulting 
project. Pre-construction design analysis using non-linear hyperbolic 
f in ite  element models indicated that the maximum horizontal movements 
of an anchored wall supported by inclined tiebacks were in the region 
of 7.5 cm. Due to construction changes, the need arose fo r a 1m surcharge 
behind the wall and the contractor was allowed to substitute the inclined  
tiebacks by a single horizontal prestressed tieback to a concrete dead- 
man. Due to the increased possib ility  of a cut fa ilu re , additional 
f in ite  element analyses were carried out which indicated that the 
possib ility  of fa ilu re  was small, but movements would increase by 100% 
to 15 cm. I t  was concluded that f in ite  element was a useful and economic 
design tool.
The problems of selecting soil model parameters fo r design have 
been examined by Clough and Mana (1976). Undrained unconsolidated 
tr ia x ia l tests on disturbed San Francisco Bay Models suggested that 
the in it ia l  tangent modulus Ei was approximately 200 times the undrained 
shear strength Su. However, representative movements of wall supported 
excavations in San Francisco were only obtained when the in i t ia l  tangent 
moduli Ei used in the analysis lies  between 600 Su -  800 Su. In order 
to obtain quantitatively sim ilar results using a non-linear and an 
elastoplastic model, Clough and Mana (1976) had to use in i t ia l  tangent 
moduli 1200 Su and 360 Su fo r the non-linear and elastoplastic models 
respectively. I t  became apparent that very careful consideration should 
be given to the choice of soil parameters in order to obtain the same
excavation behaviour using d ifferen t models.
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A more complicated soil model based on the Duncan and Chang (1970) 
non-linear model was presented by Stroh and Breth (1976).. This stress 
path model was based on three stress-strain relationships obtained from 
tr ia x ia l tests. The f i r s t  relationship was fo r an increasing major 
principal stress (c^) with a constant confining pressure (03) ,  the 
second relationship fo r a constant 0 1  and a decreasing q3 and the th ird  
relationship was fo r an unloading-reloading process. The stress level 
was chosen as the crite rion  fo r distinguishing between d ifferen t stress 
paths. The workability of the f in ite  element program developed was 
checked by comparing observed and predicted ground movements induced 
by two deep excavations in over-consolidated Frankfurt clay.
An elastoplastic model was used by Izumi e t al (1976) to model 
excavations in a llu v ia l ground in Tokyo. Hyperbolic equations were 
used to describe the stress dependent shear bulk and dilatancy moduli. 
Comparison of analytical and observed deformations and bending moments 
of the sheet-pile wall showed qualitative  agreement.
In order to aid the design of a proposed British lib rary  in London 
having a 24m deep excavation, Simpson e t al (1979) developed an elasto­
plastic model fo r  London Clay. The model was designed to cope with the 
threshold effects reported by Som (1968). For this reason, three ranges 
of strain were considered:the e lastic  range which applied up to 0 . 02% 
shear s tra in , the intermediate range corresponding to the approximately 
linear behaviour normally measured in the laboratory and the p lastic  
range which was governed by a flow rule. Application of the method to 
back analyse the behaviour of the excavation fo r the new Palace Yard 
car park (Burland and Hancock, 1977), showed remarkable agreement between 
calculated and measured ground movements. Back analysis of the Neasden 
by-pass excavation (S ills  e t a l ,  1977), showed less satisfactory results  
and in fe rio r to those obtained by Creed (1979) using a lin ear e lastic  
model.
3.7 GROUND MOVEMENTS INDUCED BY TRENCH EXCAVATIONS
Trench excavations are re la tiv e ly  shallow compared with deep 
basement and subway excavations. The ground movements induced by trench 
excavations are re la tive ly  small although poor control of the works may 
allow greater magnitudes (Kyrou et a l,  1980). Due to the adverse effect 
of trench excavation induced ground movements on adjacent buried 
surfaces, an assessment of these movements is essential.
I t  is apparent from the trench supporting procedures described by 
Tomlinson (1980) that in a large number of cases the supporting system 
is incapable of minimising ground movements. I t  should be expected 
therefore that in the majority of trench excavations, both vertical and 
horizontal movements should be very near the upper lim its of ground 
movements given by Peck (1969) and Crofts et al (1978). Indeed, ground 
movement data from an instrumented t r ia l  trench described by Gumbel and 
Wilson (1980) show re la tiv e ly  high values. In the majority of cases, 
the supporting system serves only as a stabilis ing force instead of a 
means of reducing ground movement. Although recently more e ffic ie n t  
hydraulic supporting systems have been used in trench construction, the 
absence of a supporting wall essentially introduces local consolidation 
or yielding effects and consequently reduction of movement becomes 
d if f ic u lt .
Ground movements induced by excavations are of a very d istinctive  
nature. As Kyrou et al (1980) showed analytica lly  using f in ite  element 
elastic  models, vertical and horizontal movements build up very rapidly  
near the excavation ends and remain almost constant, fo r the biggest 
part of the trench length (f ig . 3 .20). Despite the crude assumption 
of linear e lastic  behaviour of the soil media simulated in the f in ite  
element models, the ground movements induced by a t r ia l  trench (Gumbel 
and Wilson, 1980) were of a sim ilar pattern and magnitude. As Crofts 
et al (1977) showed, an assessment of the risk of pipeline fracture is 
highly dependent on the rate of build up of movements near the excavation 
ends. Such an assessment requires detailed observations of ground move­
ments fo r a variety of soil conditions and trench geometries. Such 
data is| not available at the moment in the technical lite ra tu re .
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3.8 THE NATURE OF GROUND MOVEMENTS INDUCED BY EXCAVATIONS - A 
RETROSPECTIVE VIEW
I t  is evident from the preceding discussions that reduction o f ground 
movements induced by excavations is a very d if f ic u lt  task. Ground move­
ments depend prim arily on the soil properties (Peck, 1969) and the 
excavation geometry. However, the influence of the excavation procedure 
and the support system should not be neglected. Furthermore ground 
water control should be a subject of serious consideration because i t  
may be the cause of excessive settlements or s ta b ility  problems especially 
in the case of granular soils (Huder, 1969). The importance of the 
soil properties has been stressed by Peck (1969) who suggested that very 
small movements should be expected around excavations in granular soils  
while very high movements should be expected in excavations made in soft 
clays. In addition, he suggested that movements in s t i f f  clays should 
be small and of more e lastic  nature. The effec t of the support system 
which is closely associated to the excavation procedure has been stressed 
by O'Rourke e t al (1976), who suggested that horizontal restraining at 
the upper levels of an excavation may reduce considerably the ra tio  of 
horizontal to vertical movement. From observations made in Washington D.C. 
and Chicago, they reported average ratios of horizontal to vertica l 
movements varying between 0.74 and 1.68. Observed horizontal movements 
in the London area (Cole and Burland, 1972; S ills  e t a l , 1977) were up
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to three times higher than vertical movements, an effect which may be 
due to dominant cantilever action of the supporting walls and probable 
inefficiency of the supporting system at the upper levels. Observations 
of ground movements supported by sheet piles or soldier piles (Peck,
1969; O'Rourke et a l ,  1976) demonstrate c learly , a t least incfeys, that 
high horizontal movements concentrate near the excavation base. The 
behaviour of diaphragm walls is strongly influenced by the support type 
and th e ir  deformation behaviour might be sim ilar to soldier p ile  walls 
when adequate support is provided at the top levels of the excavations 
(Burland and Hancock, 1977). The maximum horizontal movements induced 
by excavations supported by very rig id  diaphragm walls tend to concentrate 
a t the top of the wall (Creed, 1979). Although movements due to 
excavations supported by tied-back walls are strongly influenced by 
tie-back prestressing, generally maximum horizontal movements tend to 
concentrate at the top half of the wall (Gysi et a l ,  1977; S ills  et 
a l, 1977).
The distribution of vertical movements with distance from the 
excavation is very important and the settlement curves presented by 
Peck (1969) suggest that maximum ground settlement occurs a t the top of 
the supporting w all. Such behaviour is typical in a large number of 
excavation cases (McRostie et a l ,  1972; Ware et a l , 1973; S ills  e t a l,  
1977) but cases have been reported where maximum settlement occurred 
at a small distance from the wall (Lambe et a l,  1972; Palmer and Kenney, 
1972; Burland and Hancock, 1977).
Typical horizontal movement curves have been given by Crofts e t 
al (1978) and they show significant horizontal movements up to a distance 
of four times the excavation depth. In certain cases s ign ifican t move­
ments of anchored excavations might extend up to fiv e  times the excavation 
depth due to probable block movement of the ground (S ills  e t a l ,  1977).
The empirical data of ground movements available (Peck, 1969; 
Tomlinson, 1980; St. John, 1975; O'Rourke e t a l , 1976; Crofts e t a l,
1977) cover a variety of excavations. Any attempt to estimate movement 
from the given data should be based only on the soil properties since 
there is no real correlation between ground movements and support type 
or constructional procedure. Such estimations might be very crude and 
unsatisfactory in assessing the behaviour of adjacent buildings and 
services. Prediction of movements using the f in ite  element method gives 
the best possible alternative since reasonable simulation o f support
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consideration should be given to a ll the,parameters.describing the model 
(Burland, 1978) and comparison with empirical data should be made. Although 
the soil masses behave in a non-linear manner, linear e lastic  models 
can give reasonable estimates of movements induced by excavations in 
heavily over-consolidated clays (Cole and Burland, 1972; St. John, 1975;
Creed, 1979). Non linear or elastoplastic models should be used in the 
case of excavations made in soft plastic clays (Clough and Mana, 1976).
I t  is evident from the preceding discussions that substantial 
constructional differences exist between deep excavations and trench 
excavations. I t  should be expected therefore that ground movements 
associated with trench excavations are of s lig h tly  d iffe ren t nature than move­
ments associated with deep excavations. In particu lar, the more 
e ffic ie n t supporting system applied in the case of deep excavations seems 
to e ffec t considerably the pattern and magnitude of ground movements 
(Burland and Hancock, 1977). The presence of supporting walls in the 
case of deep excavations achieve even transfer of strut loading to the 
ground. Trench excavation performance is not expected to be affected  
considerably by support provision due to the local consolidation and 
yielding effects behind the struts (Gumbel and Wilson, 1980). Although 
the problem of over-relaxation can be reasonably treated by appropriate 
constructional procedures in the case of deep excavations, poor control 
of trench excavation works allows l i t t l e  chance of treatment of this  
problem which could be the cause of considerable movements (Crofts et 
a l ,  1977).
I t  is generally accepted that ground disturbance takes place near 
the ground surface. In the majority of trench excavations the excavation 
depth seldomly exceeds 6m (Symons3 1978), therefore any assessment of 
movements based on the performance of deep excavations extending to the 
depths of a soil layer might be misleading. S im ilarly , analytical " 
simulation of trench excavations should be carefully studied and the 
soil parameters carefully chosen bearing in mind the soil disturbance 
at the surface.
Considering the above factors, it.m ight be expected that ground 
movements due to trench excavations are quite high considering th e ir  
depth. I t  is apparent, however that more ground movement data is 
needed in order to establish a re a lis tic  basis fo r assessing trench 
excavation performance. The sort of data that needs to be collected 
w ill be suggested by a combination of experience, in tu ition  (informed 
by a knowledge of the performance of deep/wide excavations), observation' 
(e.g. Gumbel and Wilson, 1980), and by analytical studies of the parametric 
type (Crofts et a l,  1977; Tarzi et a l , 1979; Crofts e t a l , 1980). I t  
is with this la t te r  area that this thesis is primarily concerned and 
in particu lar with the use of the continuum f in ite  element model as 
against the cruder (but expedient) discrete Winkler model of Crofts 
et al (1977). Accordingly, i t  is appropriate at this stage to consider 
the nature and application of geotechnical analytical models appropriate 
to so il-structure behaviour, and this is done in the following chapter 4.
CHAPTER 4
4. THE NATURE AND APPLICATION OF GEOTECHNICAL ANALYTICAL. MODELS
APPROPRIATE TO SOIL-STRUCTURE BEHAVIOUR
4.1 SOIL-PIPE INTERACTION MODELS
The usefulness of any analytical model lie s  in its  a b ility  to 
predict real f ie ld  performance. Analytical f in ite  element models can give 
a very close simulation of real f ie ld  performance provided that the 
geometry of the problem, the stress-strain properties of the materials and 
the construction sequence are adequately described. The f in ite  element 
method is an approximate method of numerical analysis where a lower bound 
solution is obtained. Provided a proper d iscretization of the analysed 
medium is employed, however, the method can model closely the f ie ld  condition. 
Inaccuracies due to the method i ts e l f  arise basically where mesh refinement 
is restricted by computer storage and processing time. In cases of complicated 
structures, inadequate representation of the geometry during a particu lar  
construction stage may lead to considerable errors. Most of the errors, 
however, occur due to inadequate representation of the stress-strain  
relationships for so ils . Although very complicated stress-strain models 
are currently used (e.g. Christian and Desai, 1977), simulation of the in -  
situ  behaviour of soils is s t i l l  fa r from perfect.
Any stress-strain model fo r a soil is based on certain sim plified  
assumptions. Considering the extremely complicated elastoplastic , time 
dependent in -s itu  behaviour of real so ils , even the most complicated models 
are s t i l l  highly idealised. In the present simulation of the so il-p ipe  
interaction problem, the soil is treated as a cross-anisotropic linear  
elastic  continuum. Since the soil-p ipe interaction models used are mainly 
three dimensional, the choice of linear e la s tic ity  was dictated by the high 
computational expense involved, i f  non-linear e la s tic ity  had been used.
I t  is believed, however, that this stress-strain model w ill be representative 
of many soil formations, and in particular of medium to s t i f f  clays.
Although other soil m ateria ls ,like  granular soils and soft clays, are 
characterised by highly non-linear or elastoplastic laws, i t  is envisaged 
that the results obtained using these models w ill give some indication of 
the soil-p ipe interaction behaviour in these "non-linear" so ils .
The success of soil-structure interaction models does not only depend 
on the adequate simulation of the soil behaviour. A representative 
simulation of the behaviour of the structural members is also essential.
The re la tiv e ly  successful simulation of structural engineering problems 
(S trick lin  e t a l ,  1972) is possible because most structural materials obey 
reasonably well defined stress-strain laws. Inaccuracies arise due to 
the introduction of residual or "locked in" stresses due to the construction 
procedure (Makowski, 1965). In the present simulation the structure (pipe) 
is assumed to behave in a lin early  e lastic  manner. I t  is expected that 
such behaviour w ill be reasonably close to the f ie ld  behaviour of s tee l, 
cast-iron, ductile iron and possibly even concrete pipes. No attempt is  
made to simulate the e ffec t of "locked in" residual stresses, introduced 
by a variety of factors such as those described in Chapter 2.
I t  is well known that structural and soil materials obey d is tin c tly  
d iffe ren t stress-strain  laws. So in a loading problem, th e ir composite 
behaviour is expected to be dependent on the condition a t the so il-p ipe  
interface. For example, as Creed (1979) has shown an a ly tica lly , the 
composite action of an anchored diaphragm wall and the retained soil can be 
affected considerably by the fr ic tio n  between the two materials. The basic 
simulation of the soil-p ipe interaction is based on the assumption that no 
slippage occurs between the soil and the pipe. However, fo r comparative 
purposes, conditions of fu ll and intermediate slippage a t the so il-p ipe  
interface are imposed, using the interface element proposed by Goodman 
et al (1968).
I t  is common practice in modern pipelaying procedures to jo in t d iffe ren t 
pipe sections using fle x ib le  jo in ts . As Tarzi e t al (1979) have shown, 
fle x ib le  jo in ts  can a ffec t the bending moments induced in a.pipe embedded 
in a la te ra lly  deforming s o il . This e ffec t is simulated using a three- 
dimensional model, where a t the jo in t the rotations of the adjacent pipe 
segments are independent un til fu ll locking occurs.
In view of the importance of the stress-strain relationships governing 
the behaviour of the soil simulated in the f in ite  element models, the 
present chapter includes a description of these stress-strain relationships. 
The soil is assumed to be cross-anisotropic linear e la s tic . In an undrained 
analysis of saturated fine grained so ils , i t  is assumed that the soil 
behaves as an incompressible m aterial.
Incompressibility imposes certain restrictions on the e lastic  
parameters governing cross-anisotropic linear e la s tic ity  (Gibson, 
1974). These restrictions are b rie fly  discussed. Owing to the 
fact that the load deformation behaviour of a soil can be calcul­
ated using total stresses and undrained parameters, or effective  
stresses and drained parameters, i t  is evident that a unique 
relationship exists between the undrained and drained parameters.
The derivation of the basic relationships presented by Uriel and 
Canizo (1971) are reproduced in this chapter. As discussed 
previously, the conditions at the soil-p ipe interface may a ffec t 
the structural forces in the pipe. A ju s tific a tio n  of the assump­
tions governing the soil-p ipe interface is therefore b rie fly  
discussed. A b rie f presentation, of the three dimensional f in ite  
elements used follows. This includes a description o f the d is c re ti­
zation process, the f in ite  elements used in the models, and the 
solution methods developed in order to reduce the computational 
expense. The analytical techniques used to simulate in terfac ia l 
sliding and the e ffect of fle x ib le  jo ints are also presented. The 
chapter concludes with a b rie f examination of the main lim itations  
o f the f in ite  element models used in the analysis.
4.2 CONSTITUTIVE RELATIONSHIPS
4.2.1 Cross-anistropic Linear E las tic ity
Soils in general follow extremely complicated stress-stra in , 
time dependent laws (Barden, 1963). The basic relations between 
stress and s tra in , upon which many of the other relationships are 
based, are those of linear e la s tic ity  (Christian and Desai, 1977). 
The theory of e la s tic ity  has been extensively treated in the 
lite ra tu re  (Love, 1892; Timoshenko and Goodier, 1970) and i t  w ill 
not be discussed here in d e ta il. In a cartesian co-ordinate system 
the stresses and strains at any point within an e lastic  body can be 
represented as vectors:
M T = K  °y °z Txy Tyz Tzxl
  (4 .1)
M  H eX ey ez Txy Yyz Tzx} 
where
the superscript T denotes transposition,
V  °y> °z  are normal stresses,
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e , e , e are the normal strains, x y z
Yxy, Yyz> Yzx are the shear strains.
The diagrammatic representation of stresses on an element of e lastic  
m aterial, using a right-handed cartesian co-ordinate system is shown in 
f ig . 4.1
Since there are six independent components of stress and six  
independent components of s tra in , 36 e lastic  constants are needed to re la te  
stresses and strains in the most general way. Strain energy considerations, 
however, require symmetry of the coeffic ient matrix about the diagonal and 
so 21 e lastic  constants can describe this most general case of anisotropic 
e la s tic ity . The number of independent e lastic  constants can be reduced 
considerably by considering the planes or axes of isotropy in the m aterial. 
Thus, an orthotropic m aterial, possessing three mutually perpendicular 
planes of symmetry a t every point may be defined by nine independent e lastic  
constants. The reference directions of these constants are the principal 
directions of e la s tic ity , these directions being normal to the planes of 
elastic  symmetry. An e lastic  body possessing a plane of isotropy perpendicular 
to one of the co-ordinate directions is termed transversely-anisotropic or 
cross-anisotropic. The e lastic  properties of the material on th is plane of 
isotropy are identical in a ll directions. A cross-anisotropic e las tic  body 
can be described by fiv e  independent e lastic  constants. A special simple 
case of anisotropic e la s tic ity  is isotropic e la s tic ity  and the material can 
be described by the Young's modulus E and the Poisson's r a t io n .
F ig . 4.1 STRESSES ON AN ELEMENT OF ELASTIC MATERIAL
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Pickering (1970) suggested that many natural so ils , such as 
flocculated clays, varved s i l ts ,  or layered a llu v ia l soils behave in an 
anisotropic manner. He assumed that due to deposition anisotropy would 
be of the horizontally layered type and the e lastic  parameters governing 
soil behaviour would be independent of the horizontal direction. Although 
i t  is recognised that due to tectonic effects , the axis of radial symmetry 
may vary from the v e rtic a l, in which case a curvilinear co-ordinate system
might be required to represent e la s tic ity  a t every point, i t  w ill be assumed
that cross-anisotropic linear e la s tic ity  in terms of a cartesian global 
co-ordinate system governs the stress-strain models described. A more 
detailed description of cross-anisotropic linear e la s tic ity  is presented 
here.
The e lastic  constants are chosen to be those used by Rodrigues (1975) 
and Creed (1979) and they conform to the notation used by Gibson (1974).
The five  independent constants describing cross-anisotropic linear e la s tic ity  
are:
Horizontal Young's modulus;
EV Vertical Young's modulus;
Gyn Shear modulus in the vertical plane;
Poisson's ra tio , characterising the ra tio  of decrease in 
strain in a horizontal direction to increase in strain  in 
a perpendicular horizontal direction, caused by an applied 
stress in the second direction;
Poisson's ra tio  characterising the ra tio  of decrease in  ^
strain in a horizontal direction to increase in strain  
in a vertical direction, caused by an applied stress in 
the vertical direction.
Parameters v^y and G^ are not independent and Love (1892) proved
that
Since the three independent moduli E^, Ey and GyH are usually in 
constant proportion, fo r convenience the two of them E^  and Gy^  are 
expressed in terms of Ey as follows:
■ gvh n eh ........m -  r  9 n -  r 
V bV
For the general case of a three-dimensional cross-anisotropic 
e lastic  continuum the relationship between stresses and strains can be 
written in the form:
(4.3)
x
< >  =
'xy
'yz
zx
1
eh
- VHH
eh
- vVH
EV
0 0
- VHH 1 -^VH 0 0
eh eh EV
“vVH
EV
- vVH
EV
1
Ev
0 0
0 0 0
^HH
0
0 0 0 0 1
gvh
0 0 0 0 0
VHJ
■xy
yz
'zx
(4.4a)
or simply:
w  =
Matrix [C ] is known as the e lastic  compliance matrix, 
can be expressed in terms of strains as follows:
(4.4b)
Stresses
M  = [  c]"1 M  • = [ D]  W
(4 .5 )
where
is the e lastic  r ig id ity  matrix and is the inverse of [c ]  „
The elastic rigidity matrix is given by:
D =
where
ne n(a-3) n a v V H 0 0 0
n ( a - 3 ) n 3 n a v V H 0 0 0
Ev n a v V H navVH 0 0 0
a (23~a)
0 0 0 ■2-(23“cc) 0 0
0 0 0 0 m a ( 2 3 - -a) 0
0 0 0 0 0 m a ( 2 3
1 + VHH * and
1 -  nv2VH
. (4 .6 )
Since thermodynamic considerations require that the strain  energy 
of an e lastic  material should always be positive, the quadratic form
1 > f T [ c ]
(4 .7 )
(4 .8 )
giving the strain  energy per unit volume, should always be positive 
(Lempiere, 1968). The necessary conditions ensuring that this quadratic 
form is always positive, are that a ll the principal minors of [c ] should 
always be positive. Pickering (1970) based his rigorous analysis on 
this approach to show that the fiv e  independent constants of cross- 
anisotropic linear e la s tic ity  cannot take any arb itrary  values and he 
determined the restrictions imposed upon these e lastic  constants. These 
restrictions can be summarised as follows:
( i ) E^, Ey, Gyj_j , > 0
( i i ) VHH > _1
( i i i ) f i l  '0  ■ VHH> ' 2v2HV > 0
......... (4.9)
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from conditions (ii) and (iii) it can be shown that:
•1 < vHH < 1-2nv2yH (4.10)
,V - f
— 0.5
HV
l HH
pig. 4.2 THREE DIMENSIONAL REPRESENTATION OF ELASTIC CONSTANTS1
(a fte r Pickering, 1970) '
Pickering (1970) represented these restrictions with a three dimensional 
bounding surface in EH/Ey» vHH, vHV sp^ce, ( f ig . 4 .2 ).
I t  is  interesting to note that fundamental differences ex ist between 
the stress-strain  behaviour of an isotropic and a cross-anisotropicelastic  
element. An isotropic element neither distorts under hydrostatic pressure 
nordilates under pure shear. A cross-anisotropic element, generally 
distorts when subjected to a hydrostatic pressure and dilates when 
subjected to pure shear on a plane inclined to the principal directions 
of e la s tic ity . I t  is also evident that the stiffness of a cross-anisotropic 
elastic  material is direction dependent. The e lastic  compliance matrix 
C , of an element inclined a t an angle e to the horizontal is given by:
Te (4.11)
where T is a transformation matrix relating strains as followse
[■'] ■ [T«] w (4.12)
The volumetric strain  AV/V, due to a pure shear T is given by:
AV Texz 
V = EH
|  n(1 “vVH) ” }  Sln 26
(4.13)
and this is maximum at e = -rr/4. A fu ll  derivation of equations (4.11) 
and (4.13) is given by Creed (1979).
In many geotechnical engineering problems, the geometry and loading 
remain constant fo r a considerable length. I f  i t  is assumed that the 
dimension is long along the y co-ordinate direction, i t  implies that 
normal strains in that direction and the shear strains in the xy plane 
are zero. These conditions define a plane strain problem which can be 
solved using two dimensional analyses. Thus the stress-strain re la tion ­
ships reduce to:
xz
1 HH
- vVH(1+vHH>
or simply:
W  v  [ ° ] H
and
vVH<1+vHH>
CV
1 - nv2VH
nvVHa
VH
n3 nvYHa
1 - v2HH
xz
0
0
ma(2$-a)
(4.14a)
(4.14b)
(4.15)
4 .2 .2  Incompressible Behaviour of Saturated Fine Grained Soils
In the short term, a fte r a change in the state of loading on a 
saturated fine  grained s o il, i t  is reasonable to assume that incompressible 
behaviour prevails. Incompressibility implies that the soil deforms under 
loading without any change in volume. I f  i t  is assumed that the soil 
particles and the pore water are incompressible, any volume change is  
associated with the flow of water into or out of the pores. Due to the 
low permeability of fine grained soils considerable time is required fo r  
a noticeable volume change and in the short term any volume change may 
therefore be assumed to be neglig ible. Incompressibility can impose 
additional restrictions on the independent e lastic  constants characterising 
a cross-anisotropic e lastic  material and this problem was examined in 
detail by Gibson (1974).
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The volumetric strain of an elastic body subjected to stresses
o , a and a is given by the expression:X y  z
AV 
V
(4.16)
The condition of incompressibility requires that this expression
is zero fo r any arb itrary  values of o , a and a_. This leads to thex  y  z
conditions
vVH ~ (4.17)
. 1 -0 .5n
Incompressibility therefore reduces the five  independent e lastic  
constants to three. Considering the strain energy density of an 
incompressible e lastic  m aterial, Gibson (1974) showed that the restrictions  
given by (4 .9 ) s t i l l  apply provided that the parameter n lie s  in the 
range:
0 < n < 4 . . . . .  (4.18)
An examination of the e lastic  r ig id ity  matrix reveals th at, fo r  
an incompressible m aterial, elements of this matrix become in f in ite  
because the term
2$-a = l-v^ j-2nv2y  ^ = 0   (4.19)
An indefin ite  condition therefore prevails, and the f in ite  element 
displacement method cannot be used to analyse a truly, incompressible 
m aterial, since i t  requires a f in ite  e lastic  r ig id ity  matrix. This 
problem can be overcome, however, i f  i t  is assumed that the material is 
almost incompressible. I t  should be noted that numerical d if f ic u lt ie s  
may.arise when incompressibility is too close and the results may be 
affected by the accuracy of the computer used.
Creed (1979) showed that under plane strain conditions, the cross- 
anisotropic (CA) and isotropic ( I )  normal strains induced in an e lastic  
continuum d iffe r  by a constant factor:
_CA 4^n
eI 3
and shear strains by a constant factor 
YCA 1
(4.20)
YI 3m
(4.21)
A constant factor fo r a ll three strains e » e,» yV7 exists only
X Z aZ
i f
4-n = 1_ 
3 ” 3m   (4.22)
4 .2 .3  Relation Between Undrained and Drained Elastic Parameters
When a fu lly  saturated fine grained soil is subjected to a load 
change, drainage of the pore water is deiayed due to the low permeability 
of the so il. I t  is reasonable to assume therefore, that in the short term, 
there is no volume change and incompressible behaviour prevails. The load 
deformation behaviour of the soil is governed by the composite action between 
the pore water and the soil skeleton and is affected therefore by the 
properties of both the soil skeleton and the pore water. In the short term, 
the application of a loading introduces excess pore water pressures. In 
the long term these pore water pressures dissipate and as a resu lt the 
loading is carried en tire ly  by the soil skeleton.
As Pickering (1970) has shown, the behaviour of a cross-anisotropic 
linear e lastic  soil is fu lly  described by five  independent e las tic  parameters. 
For a fu lly  drained loading condition the change in total stress equals 
the change in effective stress and the drained parameters describing the 
load deformation behaviour are v ' ^ ,  v'^y, E‘H, E'y, G'y^. In an undrained 
loading condition where incompressibility is assumed, the load-deformation 
behaviour of the soil can be calculated using the undrained e lastic  parameters 
Ey, E^, Gy^ j. A lternatively , i f  the pore water pressures are known, the 
load deformation behaviour can be calculated a t any time using the drained 
elastic  parameters. This behaviour must be independent of the method of 
calculation.
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This implies that the undrained .parameters should.be.related to the 
drained parameters and the bulk modulus_of.the.pore water (Creed, 1979).
This subject was examined in detail by Uriel (1970) and equations re lating  
the undrained to the drained parameters were presented by Uriel and Canizo 
(1971). A complete derivation of these equations using the present 
notation was given by Creed (1979). This derivation is reproduced herein.
The derivation is based on the assumption that the e lastic  drained parameters 
are time independent.
In an undrained loading condition, where the soil is assumed to be 
incompressible, the volumetric strain is given by equation (4 .16). This 
equation is expressed in terms of to ta l stresses and the undrained e lastic  
parameters. The same equation can be expressed in terms of e ffective stresses 
as follows:
T  = t1-vHH-n 'vVH^  1 /  + (1_2vVh) = 0   *4’ 23^
The effective stresses are the difference between the total stresses and 
the pore water pressure, i .e .
y = vu# y = yu> y = yu  (4.24)
Substituting for these values in equation (4.23) i t  can be shown that:
U = + " ' O - ^ hK    (4.25a)
2 + n' -  2v ^  -  4n‘Vy^ j
Uriel and Canizo (1971) expressed equation (4.24) in the form: . 
y r ' ( a x+a )
u = ----- :...... .... ....... ........  (4.25b)
1 + 2 r ‘ v .
where
1 " Vijlj ~ n V\»u
r - =   bi! ____E .   (4.26)
n ' ( l  -  2v ; h )
and is defined as the compressibility ra tio  under uniaxial stress in the 
principal directions.
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I t  should be noted that fo r an isotropic soil equations (4.24) and (4.25) 
reduce to:
u = j  (<*x + ay + Qz ) • • • • •  (4*27)
In an undrained loading condition, the normal strains in any of the 
principal directions can be expressed in terms of total stresses and undrained 
parameters. Thus the normal strain in the x direction, e Y ,  can be expressed
A
as:
o.. o
= r 1 -  (1 -0 .5n) J -  -  0 .5 ^  
x t H H LV
a 1 a 1 a 1
JL -  v ' -X  -  v « JL
E- VHH E. *VH E.
(4.28)
Using equations (4.24) and (4.25) the right-hand side of equation (4.28) 
can be expressed in terms of to tal stresses and drained parameters. Since 
expression (4.28) is valid fo r any arb itrary  total normal stresses, the 
coefficients of the normal stresses can be equated. Thus by equating the 
coefficients of in equation (4 .28 ), i t  can be shown that:
2- ^ -  ^ — l l L-YH- . . . . .  (4.29)
EV 2(1 -  v^H -  2n‘v ^ j)
By equating the coefficients of ax, a sim ilar expression for E^/Er . can be 
obtained. A combination of these two relationships yields:
...............................   ' <4.30, ,
(2 + n' -  2 v ^  ** 4n'vy^) -  (1 -  -  n'vy^j2
i .e .  the ra tio  E^/Ey can be expressed in terms of the drained parameters
2H9 EV> Since the pore water is unable to transmit any shear
the undrained and drained shear moduli are equal
As this section shows, for a lin early  e lastic  cross-anisotropic s o il,  
the three independent undrained e las tic  parameters can be calculated 
provided the fiv e  independent drained e lastic  parameters are known. The 
restrictions imposed on the undrained Poisson's ratios which are given by 
equations (4.17) are s t i l l  va lid .
4.3 SOIL RESTRAINT TO PIPE MOVEMENT
When a buried pipe or the retaining soil are subjected to a load change, 
owing to th e ir d iffe ren t stress-strain properties, th e ir deformations tend 
to be non-compatible. The normal and tangential (fr ic tio n a l or adhesive) 
forces between the pipe and the soil tend to oppose any d iffe re n tia l move­
ments between the two materials. Thus they o ffer a res tra in t to
( i )  a d iffe re n tia l movement between the pipe and the soil 
in any direction normal to the longitudinal axis of 
the pipe, and
( i i )  a d iffe re n tia l movement between the pipe and the soil 
in a direction paralle l to the longitudinal axis of the 
pipe.
A re a lis tic  simulation of these restraining effects , in a theoretical 
model is essential because they may a ffec t considerably the structural 
forces imposed on the buried pipe.
Roberts and Regan (1974, 1977) studied the restraining e ffec t of the 
soil to the la tera l movement of a buried pipe, both experimentally and 
theoretically . Similar investigations were carried out by Autibert and 
Nyman (1977) and Peng (1978). Data relating to the behaviour of la te ra lly  
loaded piles exist in large quantities (Jamiolkowski and Garassino, 1977) 
but the use of these results in the study of la te ra lly  loaded pipes should 
be treated with caution since piles are driven into the soil v e rtic a lly  
rather than horizontally and generally la tera l p ile  movements are induced 
by loading conditions which are d ifferen t from those obtaining in buried 
pipelines.
(a) shallow burial (_b) deep b u ria l
Fig, 4,3 GROUND FAILURE MECHANISM [a fte r  Autibert and Nyman, 1977)
Basically, the tendency of a pipeline to deflect la te ra lly  is  
opposed by increasing normal bearing pressures. I f  the pipe is re la tiv e ly  
weak i t  may fa i l  before local ground fa ilu re  occurs. However s t i f f  pipes 
which can sustain high bending moments can cause local ground fa ilu res  
(Autibert and Nyman, 1977; Peng, 1978) as shown in f ig . 4.3a and 4.3b.
Thus a pipe buried a t a shallow depth may cause a passive wedge fa ilu re  
( f ig . 4.3a) while a pipe of deep burial may cause local yielding of the 
soil characterised by a zone of soil flow ( f ig . 4.3b). In the f i r s t  case 
fa ilu re  occurs when the depth of cover is less than, say, three times the 
diameter of the pipe, but the depth of cover could be much less when the 
pipe is buried under a s t i f f  pavement (Peng, 1978). In the la t te r  case 
a bearing capacity fa ilu re  occurs in certain lengths along the soil pipe 
in terface, this being the result of the fu ll  mobilization of the shear 
strength of the s o il. This results in redistribution of the structural 
forces in the buried pipe which means that any load increase is not 
accompanied by an equally severe increase of the pipe structural forces.
Whether fracture of the pipe occurs before or a fte r local soil yie ld ing takes 
place, depends primarily on the re la tive  stiffness of the soil and the pipe.
As Roberts and Regan (1974) have shown certain soils do not o ffe r enough 
res tra in t to pipe movement and hence the pipe may not fa i l  a t a l l ,  regardless 
of possible large movements of the retaining s o il. They based th e ir  conclusions 
on both experimental and theoretical considerations. A sim plified expression 
attempting to evaluate the maximum d iffe ren tia l movement of a pipe buried 
in a clay s o il, was presented by Roberts and Regan (1974) as follows:
1
6 (4.32)
where
Ar is the re la tive  deflection of the pipe that may cause 
fracture9
Cu is the undrained shear strength of the s o il, 
or  is the rupture stress of the pipe m aterial,
E is the Young's modulus of the pipe m aterial, 
t  is the wall thickness of the pipe.
The derivation of the expression was based on the assumption that 
the soil behaves in a plastic manner around the pipe and as the expression 
shows, pipe fracture is dependent on the material properties and the 
maximum d iffe re n tia l pipe deflection but not on the deformation gradient. 
Although the use of this expression is inappropriate in predicting pipe 
fa ilu re  in e la s tic a lly  deforming soils where no yielding occurs, its
2application proved that a clay soil having a shear strength of 100 kN/m 
can o ffer enough res tra in t to easily break cast iron pipes up to 150mm in 
diameter. Model pull-out tests on buried pipes were reported by Roberts 
and Regan (1977). The buried pipe was pulled out of the soil in a direction  
normal to its  axis. These tests showed that the maximum restraining force 
to pipe movement offered by a clay soil can be approximated by:
Qmax = Cu.N'cA ........  (4.33)
where
Qmax is the ultimate pull-out load*
Cu is the undrained shear strength of the so il*
N' is the apparent bearing capacity factor,
V
and A is the projected area of the pipe.
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Fig. 4.4 RESISTANCE OF CLAY TO THE DISPLACEMENT OF A MODEL PIPE 25 mm 
AT THE EQUIVALENT DEPTH SHOWN (a fte r Roberts and Regan, 1977) 
The value of N 'c varied between 4 and 6.5 and i t  showed to be dependent 
on the depth of buria l. This is demonstrated by f ig . 4.4 where the ground 
restra in t offered to the movement of a 25mm model pipe is shown to be 
approximately the same fo r burial depths of 0.8m and 1.1m while the res tra in t 
to the movement of the pipe buried a t 0.4m is c learly  much less. I t  is  
interesting to note that in i t ia l ly  the pipe displacements obey l in e a r  e lastic  
laws, therefore i f  i t  is assumed that no yielding of the soil occurs a t the 
soil-p ipe in terface, linear e lastic  models could give a re a lis t ic  simulation 
of the in te rfac ia l behaviour.
The problem of the ground restra in t to the d iffe re n tia l movement 
between the pipe and the soil in the longitudinal direction is more complex.
The in terfac ia l fr ic tio n a l or adhesive forces depend on the properties of 
the retaining s o il, the method of insta lla tio n  of the pipeline, the earth 
pressures and the pipe material or pipe coatings used. I f  the shear stresses 
between the pipe and the soil are small, no s ign ifican t re la tiv e  movement 
takes place and a condition of fu ll bond exists. S ignificant d iffe re n tia l
i . #j
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movement (s lid ing) may take place when the.shear stress exceeds the 
maximum adhesion or fr ic tio n  values a t the soil-p ipe interface. The 
maximum value fo r adhesion is lim ited by the shear strength of the soil 
or the shear strength of the coating m aterial. Simplified expressions 
fo r estimating the lim iting  fr ic tio n a l forces between a buried pipe and 
the retaining granular soil were presented by Peng (1978). Although a 
lo t  of data relating to the in te rfac ia l forces between piles and the 
retaining soil are currently available (Jamiolkowski and Garassino, 1977) 
th e ir application to soil-p ipe interaction models seems inappropriate due 
to the d is tin c tly  d iffe ren t loading conditions applicable to so il-p ipe  
problems. Due to lack of data re lating  specifica lly  to the so il-p ipe  
in te rfac ia l fr ic tio n a l or cohesive forces, i t  was decided to examine the 
problem by introducing an interface element which is capable of simulating 
reasonably closely these in terfac ia l forces. A short study is carried  
out in which the main variable is a shear term relating the average 
d iffe re n tia l displacement between the pipe and the s o il, to the shear force 
per unit length of pipe a t the so il-p ipe interface. The e ffec t on the 
structural forces introduced in the pipe by the variation of in te rfac ia l 
forces can therefore be examined.
4.4 FINITE ELEMENT ANALYSIS FOR SOIL-PIPE INTERACTION
4.4.1 The F in ite  Element Method
The f in ite  element method has experienced tremendous growth in the 
la s t twenty years and i t  is used extensively fo r the solution of problems 
in physics and engineering. I t  developed simultaneously with the increasing 
use of high speed electronic d ig ita l computers and with the growing emphasis 
on numerical methods for engineering analysis. The method had its  b irth  
in the aerospace industry and the f i r s t  unique presentation of the method 
was made by Turner e t al (1956). A major contribution to the development 
of the method was made by Argyris (1960) who f i r s t  presented in a unique 
form the energy theorems. The basic mechanisms of the method are now 
well established and a large number of standard textbooks give detailed  
descriptions of the method (Cook, 1974; Segerlind, 1976; Zienkiewicz, 1977; 
Noorie and De Vries, 1978). There is considerable diversity in the 
formulation of the method but the f in ite  element displacement method 
described by Zienkiewicz (1977) is normally applied in structural and 
continuum mechanics problems.
The real power of the f in ite  element method lies  in its  a b ility  to 
handle non-homogeneous, discontinuous and,non-linear media with irregular 
geometries. These conditions are typical of natural geologic and soil 
formations and the geotechnical engineer soon realised the usefulness of 
the method in analysing stresses and deformations in dams, embankments, 
excavations, slopes, pavements, foundations retaining walls and underground 
structures. Problems involving consolidation, seepage and fro s t penetration 
have been treated analy tica lly  with considerable success. Application of 
numerical techniques in solving practical geotechnical engineering problems 
are expanding (Desai, 1976; Desai and Christian, 1977) and the f in ite  
element method is the most popular and powerful analytical tool. A 
comprehensive review of the applications of the method in analysing stresses 
and deformations in geotechnical engineering problems was presented by 
Kalteziotis (1980) who placed particular emphasis on the representation 
of the stress-strain characteristics of so ils.
The f in ite  element programs developed for the purpose of the research, 
work reported in this thesis are based on the f in ite  element displacement 
method described by Zienkiewicz (1977). The method involves the division  
of the continuum to be analysed, into a number of elements ( f in ite  elements) 
which are interconnected a t a discrete number of nodal points. The variation  
of displacement within each individual element is defined uniquely by 
suitably chosen functions of the bounding nodal displacements. These 
displacement functions define uniquely the states of strain and stress 
within each element. The nodal displacements are the unknown parameters 
of the f in ite  element problem. In the case of a s ta tic  loading problem, 
the Total Potential Energy satisfying the conditions of equilibrium is 
distinguished by a stationary (minimum) value. Invoking this principle  
i t  can be shown that the problem can reduce to a set of simultaneous lin ear  
equations:
e=n
0 (4.34a)
or
[K ] W  = w (4.34b)
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where
[Ke]  is the stiffness matrix of every individual 
f in ite  element;
|6 e} is the element nodal displacement vector;
{ fe } is the element force vector;
[ k]  is the stiffness matrix of the continuum and is
simply the assembly of the element stiffness matrices;
is the global displacement vector;
and {f } is the global force vector formed by the assembly of
the element force vectors, i .e .
M  = - E
e=l
I t  should be stated here that fo r a lin early  e lastic  m aterial,
[k]  is independent of the loading and solution of the set of simultaneous
linear equations yields the answer to the problem. In the case of non­
linear e lastic  and el astopi astic materials, [ k]  is dependent on {Ff 
and an alternative approach is required. [K] is always symmetric and 
for a stable loading situation is also positive d e fin ite . The solution 
of a problem using the f in ite  element method consists of three major 
steps:
( i )  D iscretization of the continuum and subdivision 
into f in ite  elements;
( i i )  Evaluation of the element stiffness matrices and assembly 
of the global stiffness matrix [K] as well as assembly 
of the global load vector { f } , and
( i i i )  Solution of the simultaneous equations and hence 
calculation of strains and stresses within .the individual 
elements of the continuum.
The cost of analysis of a three dimensional problem is considerably 
higher than that of a two dimensional problem. With the former, the 
bandwidth of the overall stiffness matrix is usually re la tive ly  large so 
that the solution of the simultaneous linear equations is re la tive ly  
expensive. I t  is therefore particu larly  important to adopt a proper 
approach that would minimise the computational e ffo rt in the case of three 
dimensional problems.
4.2 .2  Discretization and Loading
The solution of an engineering problem using the f in ite  element 
method requires subdivision of the continuum into elements, application  
of the boundary conditions and application of the loading. The choice of 
element must be representative of the modelled solid continuum and structural 
members since i t  can a ffec t considerably the accuracy of the solution.
There is no lim it  on the number of d iffe ren t types of element used in a 
f in ite  element model. Limitations are only imposed by the a v a ila b ility  
of these d iffe ren t elements in the program element lib ra ry .
am element representing the buried pipe
ight node brick element representing 
he soil continuum  /,
rench
lanes of symmetry
77
Fig. 4.5 TYPICAL THREE DIMENSIONAL FINITE ELEMENT MESH USED IN THE ANALYSIS
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The present simulation of the trench excavation problem was.treated 
by subdividing the soil continuum into eight node isoparametric brick elements, 
by subdividing the pipe into beam elements and representing the struts by 
spring elements. Simulation of the in terfac ia l sliding between the soil 
and the pipe was achieved by using an interface element. A typical f in ite  
element mesh used in the analysis is shown in f ig .  4 .5 . An automatic mesh 
generation routine was developed for this purpose which can easily cope 
with variations of the mesh geometry, boundary conditions and loading. The 
routine is also capable of handling variations:of the material properties 
in the three dimensional space. Systematic node numbering achieves economy 
in computer storage and processing time. As shown in f ig . 4.5 the three 
dimensional continuum is represented by ^n e lastic  quarter space.
Symmetry is assumed about the longitudinal and transverse axes of the 
trench. Although this implies that two pipes are buried para lle l to the 
trench (one on each side), i t  w ill be assumed that the general behaviour 
is the same as in the case of one pipe buried parallel to a trench 
excavation.
Rigid boundaries are imposed on the f in ite  element mesh a t horizontal 
distances eight times the excavation depth from the edge of the trench and 
at vertical distances of five  times the excavation depth from the bottom 
of the trench. Ideally  the r ig id  boundaries should be as fa r  away as 
possible from the excavation (Rodrigues, 1975). As a compromise, in order 
to reduce the computational expense arising from the use of larger meshes 
the above distances were used in the analysis. Preliminary analysis has 
shown that i f  rig id  boundaries are introduced a t the distances stated above, 
the ground movements or structural forces in the pipe are not s ig n ifican tly  
affected.
The choice of elements was based on the ir engineering properties and 
the ease of representation and visualization. The eight node brick element 
was basically chosen fo r its  sim plicity . I t  is described by an incomplete 
interpolation polynomial with which the strains vary lin early  within the 
element in some but not a ll local co-ordinate directions. The beam element 
is described by a Helvetian interpolation function, where interpolation is  
based on the value of the function and its  derivatives at the nodal points 
which are situated a t the end of the beam. This element is ideal fo r  
representing the bending effects on the buried pipe. The spring and jo in t
elements were chosen for the ir s u ita b ility  in representing the e ffec t of 
struts and in te rfa c ia l sliding respectively.
The loading applied to the nodes of the f in ite  element model arises 
from the r e l ie f  of the in -s itu  vertical and horizontal total stresses. In 
the case of undrained analysis the stress release on the excavation faces 
is described by using a total stress a t rest earth pressure coeffic ient 
Kqj  as discussed in Chapter 5. The equivalent nodal forces due to the 
r e l ie f  of the in -s itu  stresses can be calculated using the expression:
was chosen to represent the three dimensional e lastic  continuum. The 
eight nodes of the element are jointed by stra ight lines but the faces 
are not necessarily plane (f ig . 4 .6 ). For convenience, a local 
curvilinear co-ordinate system €, n, c is chosen. The displacement vector 
ju} of each individual f in ite  element can be expressed in terms of the
nodal displacement vector {6e [ , as:
dS (4.35)
where
{ fe[ is the element force vector due to the surface element 
forces P ,  P and P in the three global co-ordinate
b A  b V  b i .
directions x, y and z respectively;
and [ n]   ^ is a matrix containing the shape or displacement
functions of each individual element as discussed in 
section 4 .4 .3  of this Chapter.
4.4 .3  The Continuum Eight Node Brick Element
The eight node solid brick element described by Ergatoudis (1966)
u
V
w
[N] (4.3 6)
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Fig. 4.6 REPRESENTATION OF AN EIGHT NODE BRICK ELEMENT I 
IN A CARTESIAN CO-ORDINATE SYSTEM x, y , z,
where
[ n ]  =
N, O O N2 O O 
0 N2 0
N3 O 0
0  n 3 00 N] 0
0  0  N i  0 o "  N2 0  0  N
n4 0 0
0 N4 0
0 0 N,
N5 0 0 0 0
0 Ng 0 0 Ng 0 C
0 0 Nr 0 0  N, 0 0 N, 0 0 N
N? 0 0
0 N? 0
Ng 0 0
0 Ng 0
8*
(4 .37)
and
i«e} > Vl w1 u2 v2 w2 u3 v3 w3 u4 v4 w4 u5 v5 w5 u6 v6 wg 
u7 v7 w7 u8 v8 w8 } (4 .38 )
The displacement functions N^>'N2>..........  Ng are given by
Ni = ^  (1 + £5^ (1 + n ^ )  (1 + 5 ^ )   (4 .38 )
The same functions are used to express both co-ordinates and displacements 
in terms of th e ir corresponding nodal values, therefore the element is 
termed 'isoparametric1. For each of the 8 nodes, the displacement or shape 
function N. is equal to 1 a t node i and zero at a ll other nodes.
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The strains within each element are expressed by:
V
r a_
ax 0 0
"a_
ax 0 0
ey 0
a
ay 0
0 aay 0
ez >
0 0 a_az u
V
0 0 aaz
Yxy
a
ay
a_
ax 0
w a
ay
a_
ax 0
Yyz 0
a
az
a
ay
0 aaz
a
ay
Jzx_
a_ 
. 92
0 a_ax
a
_az 0
a_
ax.
DO {«e}
= W
Matrix [B] can be formed by performing the differentiations
( 4 . 4 0 )
3 N i 9 a N i 9 a N i
ax a y  az
Since
Ni = f(x *  y , z) = f  ^ x (£ , n* c) 9 y(S* n» c)»- z(S» 
partia l d iffe ren tia tion  requires that:
n> c ) j ( 4 . 4 1 )
aNi ax ay az r aNi"
a? a? n ae ax
aNi
an r _
ax
an
ay.
an
az.
an <
aNi
ay
aNi ax az 9Ni
H
• J Lac H ac j L az J
(4.42)
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or
M l
as
M l
3X
< 3n 7
M i
J
= w aNiay
aNi 
.az J
V . . . .  (4.43)
Matrix [ j ]  is known as the Jacobian matrix. Making use of the 
relationship:
aNi
ax
aNi
3y
aNi
az
aNi
<
3-5
aNi t
an
aNi
  (4.44)
All the elements of the [bJ matrix can be calculated. As has been shown 
previously fo r a cross-anisotropic linear e lastic  m aterial.
M = [D] H
M  = [ d]  [ b]  {.s e( . . . .  (4.45)
The stiffness matrix of a f in ite  element is given by:
/ [ > ] ' [ ■ ] [ > ]  «  ■ , y f j T m  H d? d n dc 
. . . .  (4.46)
where
dV = j |  dc dn d?
and is the determinant of the Jacobian matrix,
I t  is quite clear that an e x p lic it determination of [KeJ involves 
complicated algebraic manipulations, therefore numerical integration  
gives the best possible approach. The Gauss quadrature method was adopted 
and 8 integration points were defined, i .e .  2 by each local co-ordinate 
direction. According to this method, integration is carried out as follows
)' )  'I- i  j  - i  j  - i f  (5,n, ?) ds dn dc
i = n j=n k=n
= 1 I  I  H- H H f  ( 5 l - m  Ck) . . . .  (4.47)
i= l j= i k=l 1 3 K 1 J K
where
n is the number of sampling points in each co-ordinate d irection, and 
H are the weighing coefficients.
In the present case
f  (c, n, ?) = [ b] T [ d]  [b]  . . . .  (4.48)
For economy of calculation, the e lastic  r ig id ity  matrix
which is symmetric is decomposed into:
[D]  = [L] [ l] T . . . .  (4.49)
where
|^ lJ is a lower triangular matrix.
Therefore:
[ b] t [d]  [ . ]  -  [ b] t [ l]  [ l] t  [ b]
■ ( M T [ . ]  >T H T H  . . . . ( . . s o ,
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The matrix formed by the product 
pre-m ultiplication by its  transpose y ie  
integration point to the element stiffness matrix.
l]T [ b]  is calculated once and 
ds the contribution of each
4.4 .4 The Beam Element
In general the displacement of such an element is composed of bending 
displacements about the principal axes of bending (of which there are 2) 
together with the displacements in the axial direction of the beam. The 
pipe being of uniform circular cross-section, the principal axes of bending 
may be taken to be any 2 mutually orthogonal axes which l ie  on a plane 
normal to the axis of the pipe. With the beam element used in the current 
analysis, each bending displacement is represented by a cubic function of 
x' (distance measured along the axis of the pipe), while the axial displace­
ment is represented by a linear function of x 1. The element stiffness  
matrix in a loca l, three dimensional co-ordinate system is given in standard 
textbooks (Coates et a l, 1972).
Ftg. 4.7 THE BEAM ELEMENT REPRESENTING A PIPE
This element is characterised by 6 degrees of freedom per node ( f ig .  4 .7 ) ,  
i .e .  3 linear displacements and 3 rotations. The displacement vector in 
terms of the local co-ordinate system is given by:
1 V1 W1 ex1 eyl ezl U2 V2 w2 ex2 ey2 ez2 (4.51)
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The element stiffness is described by a 12 x 12 matrix?
K' n  K‘ 12 
K> 21 K<22.
... (4.52)
where
K *n » K‘ i 2 » ^ 2 1 9 ^ ‘ 22 are e^ement stiffness submatrices
and they are given by:
r,n
EA
r  0
12EI.
0
and
L'
0
0
0
6EI.
[  EA
[K'l2 ]= [K'2 l]=
-12EI
0 0 0 0
0 0 0 6EIz
L*
12EIy
L3
0 -6EIyL.2 0
0 GJIT 0 0
—6EIy 
L.2
0 4EIy
L
0
0 0 0 4EIZ L .
0 0 0 0
-6EI
0
6EI
0 ■ 0 0 0 L2
0 0 _12EIy
L3
0
-6EIy
L2
0
0 0 0 -GJ
L
0 0
0
6EI vn
° 12
0 2EIy
1
0
2EI
. . .  (4.53)
. . .  (4.54)
and K22 = K11» with the signs of the off-diagonal elements 6EI /L 2 and
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where
E is the elastic modulus of the pipe matrix
G is the shear modulus of the pipe material
A is the cross-sectional area of the pipe
L is the length of the pipe
Iy  and I z are the second moments of area of the pipe cross-sections
about the y and z local co-ordinate axes respectively (fo r the pipe
and J is the polar second moment of area of the cross-section.
1 The element force vector { f e} and.the element displacement vector 
{fie } referred to the local co-ordinate system can be transformed into the 
Global co-ordinate system as follows:
. .  (4.55)
hence
(4.56)
since
. . . .  (4.57)
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Hence
»
or
[t ]  [k6]  [t ] T l«eK = [t]  | f e f = { f e ( . . . . ( 4 .5 8 a )
[l<e]  |6e} = | fe} . . . .  (4.58b)
s the element stiffness matrix in the global co-ordinate 
system and is given by:
M  = [ t]  M  [t] t . . .  (4.59)
4.4.5 The Spring Element
The spring element is the simplest of the elements used in the analysis, 
I t  has a f in ite  stiffness for translation in the direction of the axis of 
the element and zero stiffness fo r a ll  other displacements. Its  stiffness  
matrix for translation in its  axial direction only is therefore a square 
matrix of order 2, given by:
K -K 
-K K
. . . .  (4.60)
where K characterises the ra tio  of the applied load along the longitudinal 
axis of the spring over the spring deflection along the same direction. The 
stiffness matrix can be extended to three dimensions and transformed to the 
global co-ordinate system using equation (4 .59). This element was used 
to simulate the load-deformation behaviour of the struts supporting the 
trench excavation walls.
4 .4 .6 The Interface F in ite  Element
In most f in ite  element models, i t  is assumed that the deformations 
of the individual elements of the nodal points are compatible. When modelling 
the composite action of d iffe ren t materials however, this may not be the 
case and re la tive  displacement may occur at the interface of these m aterials.
The lack of fu ll bond between two d ifferen t materials subjected to a loading 
may result in substantial redistribution of the induced stresses. This 
was early realised by Ngo and Scordelis (1967) who f i r s t  introduced a 
linkage element to model the local bond between steel and concrete in
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reinforced concrete members. An interface element based on a sim ilar 
idea, but a d iffe ren t formulation was developed by Goodman et al (1968) 
to simulate the jo in t behaviour of discontinuous rocks. The derivation 
of the element stiffness matrix was based on the shear and normal forces 
and d iffe re n tia l displacements in the jo in t element, but the element s t i f f ­
ness matrix was expressed in terms of the nodal forces and displacements.
A d irect derivation of the stiffness matrix in terms of the d iffe ren tia l 
displacements within the element was presented by Ghaboussi et al (1973). 
The interface element used in the present work is a sim plified version of 
the interface element presented by Goodman et al (1968).
Z
displaced
position
original 
posi tion
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Fig.. 4.8 THE INTERFACE FINITE ELEMENT
In the soil pipe interaction models used in the present work,, i t  
is assumed that the soil and the pipe are in perfect contact along the pipe 
length. Therefore i t  is only necessary to model the in terfac ia l sliding  
between the soil and the pipe. In the f in ite  element mesh used, the element 
is aligned with the y co-ordinate direction ( f ig . 4 .8 ) , therefore i t  is  
considered to be a one dimensional element possessing one degree of freedom 
per jo in t. As f ig .  4.8 shows, the element consists of two lin es , each
connected to two nodal points. Joints one and three are connected to the 
three dimensional soil continuum and jo ints two and four to the buried 
pipe. The re la tive  displacement Av at the centre of the element is given 
by:
The shear force per unit length ts in the element can be related to the 
d iffe ren tia l displacement a t the centre of the element as follows:
t e = Kc.Av .. s s
(4.62)
where
K$ is a shear term
I t  is assumed that the displacement varies lin early  with distance along each 
s ite  of the element. Consequently the effective forces at each of the two 
nodes on a given side is equal to half the resultant shear force on that 
side, so that:
t'L
f 0 = f .  = -f_ = --f = (4.63)
or f  i . f"L /2 ) r 1 1 ,vV
f 2 | = l lz LKsT S MMM
-1 i - i  i v2
1 “L /2
S 4 i - i i - i
v3I /
f 4 l /2 - i  i - i  i-j
i /
v4
or {fe} = [Ke]  jse} 
where
L is the length of the element,
{ f e } is the element force vector,
[l<e]  is the element stiffness matrix,
and I i s  the element nodal displacement vector.
(4.64a)
(4.64b)
A special scheme is required to incorporate this interface shear 
element into the program of analysis. In this treatment a node in the 
continuum which coincides with the pipe, has the same translations in the 
% and z directions as those of the corresponding nodes of the pipe. However, 
the translation of the same node in the y direction is d iffe ren t from that 
of the corresponding node of the pipe. In this case, i t  is convenient to 
introduce an extra node fo r the pipe, whose displacements are the u, v and 
w fo r the pipe. The condition that the u and w are exactly the same as the 
u and w fo r the continuum may be implied la te r so that the exact specification  
of the problem is achieved. The problem was organised to assume that nodes
1 and 3 l ie  in the continuum. Two extra nodes are introduced, namely nodes
2 and 4 which are respectively adjacent to nodes 1 and 3. Nodes 2 and 4 l ie  
on the pipe and have the same translation as the pipe a t the appropriate
positions. The specification of the problem is satisfied by imposing the
conditions that:
u2 = ur  w2 = wr  u4 = u3, w^  = w3
The interdependency of two elements o f the vector of displacements
can be treated as follows:
Suppose displacements a . and a . in the global displacement vector* J
are equal. Introduce
(4.65)
(4.66)
M  = [ R]  M
where [ r]  is a transformation matrix with a ll the diagonal elements and the 
element on row i and column i equal to unity and the rest of the elements zero.
or
A*i
A* j
Ai
AJ
1 0
I
=
_- l 1_
p i
’  1 0 A * .
_ 1 1 _
u
Considering the global displacement vector
or [ r ] T [ k]  [ „ ]  {a*} = [ R] t IP }
Therefore the basic stiffness equation is given by:
M  {a*} = {F*}
where
K* is the modified stiffness matrix
{.F*} is the modified load vector
H >  [ r] t { f }
and | a*}  is the modified displacement vector.
The above transformations can be performed easily by:
( i )  adding element F. to element F ., i .e .  F. = F. + F.
J * * • J
( i i )  adding row j  to row i of the element stiffness matrix9
i*e . K(row -j) “ K(row i )  + K(row j )
( i i i )  adding column j  to column i of the element stiffness
matrix, i .e .  K(col = K (co1 t )  + K(co1
and (iv ) constraining degree of freedom j .
(4.67)
(4.68)
(4.69)
(4.70)
A fter solution of the linear simultaneous equations, since 
Aj = A. = .A*.- the value of A*.. can be assigned to Aj and calculation of 
any structural forces can proceed as normal.
In certain simulations of in te rfac ia l sliding using the interface  
element described above the results could be sensitive to the shear term 
K$. I t  is d i f f ic u lt  to assign values to this variable with reasonable 
confidence due to lack of experimental data relating specifica lly  to buried 
pipes. In a parametric study, i t  is reasonable to examine the e ffec t of 
in terfac ia l slid ing by varying the value of K$ between zero (fric tion less  
interface) and in f in ity  (no s lid ing ).
4 .4 .7  Assembly and Solution of Stiffness Equations For Trench
Excavations of Various Lengths
Parametric studies using three dimensional f in ite  element models 
present a number of d i f f ic u lt  problems to the programmer. These problems 
arise basically due to the large number of equilibrium equations associated 
with the problem. In the present problem, these equations are in the regions 
of three to four thousand. I t  is obvious that the solution of such a large 
number of equations requires a high accuracy, high speed and a large memory 
d ig ita l computer. As i t  is obvious, the solution of a large set of 
equations requires many millions of arithmetical operations. I f  the accuracy 
of the computer is not high, the solution might be a set of meaningless 
numbers due to the build-up of round-off errors. The accuracy of computation 
cannot be improved dramatically through a variation of the programming 
techniques. The only effective approach is the use of double precision 
arithm etic, which w ill increase considerably the computational cost. An 
optimum computational cost can be achieved however, by reducing the processing 
time for the stiffness assembly and solution procedures. The techniques 
described below apply specifica lly  to the problem of trench excavations, 
but the general ideas can be applied to sim ilar problems provided the mesh 
geometry is suitable.
I t  was in i t ia l ly  decided to use a direct method for the solution of 
simultaneous equations and the well known Gauss-Doolittle decomposition 
technique was chosen. In this technique, the symmetric positive d e fin ite  
stiffness matrix K is decomposed as follows:
(4 .71)
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where
H is a lower triangular matrix with a ll the diagonal elements equal to unity, and
[■]DJ is a diagonal matrix.
In the assembly of the stiffness m atrix[k] symmetry considerations and proper 
node numbering can reduce the required storage memory considerably by 
storing only the upper half of the banded stiffness matrix. After 
decomposition, a ll  the off-diagonal elements of [IjFcan replace the o f f -  
diagonal elements of [k]  while the diagonal matrix [d] can replace the 
diagonal elements of [k]  .
Based on the properties of this technique, the program was designed 
to give a series of solutions fo r d iffe ren t trench excavation lengths in 
one run. The f in ite  element mesh consists of an assembly of n-j super­
elements having thickness t-j, n2 superelements having thickness t 2 and n^  
superelements having thickness tg (f ig . 4 .8 ). The f i r s t  two l ie  within  
the zone of the solid continuum, while the las t one lies  in the zone of the 
excavation.
The overall stiffness matrix consists of an appropriate assembly of
the stiffness submatrices of the superelements, namely:
pneiJ 8 [K1201] 8 [K2201] 8 [Kn62] 8 [ K1262] 8 [K2262
[Kn 03]  8 [ K1203]  8 and
where
superscripts e^, e2 and e  ^ denode superelements 1, 2 and 3
respectively.
The form of the overall stiffness matrix is as shown in f ig .  4 .9 .
The coefficients of the overall stiffness matrix corresponding to the nodal 
points on section 1 are formed by the assembly of the element stiffness  
submatrices of the superelements meeting there, namely:
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section 1
section n.
section nj + *|
section n-j + n^ 
section n-j + n ^+ l ■}/
f i
a
1
section n^  + n^ + n^
%
.section. m"lst solution
section m + 1 2nd solution
Fi$. 4.8 PLAN VIEW OF SUPERELEMENTS
section 1 22
22section 2
section n*
\
\
\
Fig. 4.9 STIFFNESS ASSEMBLY
Sections 2 to (n-1 ) are each formed by an assembly of elements which are 
exactly the same as those forming section 1. Consequently the coefficients  
of the stiffness matrix relating to these sections are exactly the same 
as the corresponding coefficients fo r section 1. S im ilarly the coefficients  
of the stiffness matrix corresponding to section n-j are formed by the 
assembly of the element stiffness submatrices
[ K2261]  5 [K1162]  and [ K122]  *
I t  is obvious from f ig .  4.8 and f ig . 4.9 that the overall stiffness matrix 
consists of repetitions of the rows corresponding to the nodal points on
sections 1, (n-j +1.) and (n-j + n  ^+ 1 ). The rows of the stiffness matrix
corresponding to the nodal points on sections n-j, (n-j + n2) and 
( n-j + r\£ + n^ ) arise from a d irect assembly of the superelement stiffness  
submatrices. The above characteristics of the f in ite  element mesh, formed 
the basis of the computational strategy described below.
Considering the large number of equations involved, i t  was apparent 
that the use of the computer backing store was necessary. Owing to the 
fa c t that transfer operations on disc are elaborate and slow, i t  was decided 
to avoid d irect assembly of the overall stiffness matrix on disc. Instead 
the stiffness submatrices and fo r each of the three superelements
are assembled in the fa s t memory and dumped on disc in one operation. I t  
is not necessary to store because this can be evaluated d irec tly
from jk1Tj of the superelement. I t  is noted that a superelement has an
internal plane of symmetry which is parallel to the xz plane of the global
system of co-ordinates, and hence according to Tarzi (1971)
k 22] >  [ s ]  [ Kn ]  [ s ]  . . . . .  (4.72)
where
S is a diagonal and involutary transformation matrix whose 
diagonal elements are either +1 or -1 , so that: "
The appropriate diagonal elements of [s ] are + l.fo r  translations in the 
x and z directions and rotation about the y axis and -1 fo r the remaining 
components of displacement.
Using the stiffness submatrices of each superelement, the rows of 
the global stiffness matrix corresponding to the nodal points on sections 
19 n^9(n  ^ .+ l),(n^  + r^ )* anc* (n-j + n2 + **) are assembled and dumped on 
the disc. I t  should be noted here that these stiffness submatrices are 
assembled in a banded form.
The solution of the stiffness equations is carried out without a 
direct assembly of the overall stiffness matrix. Forward elimination of 
the form:
is carried out using a triangular working array. The record containing the 
stiffness coefficients corresponding to the degree of freedom under 
consideration is transferred from the backing store into the working array 
and upon elim ination, i t  is stored back on disc. The actual external load 
on the same degree of freedom is added to the load vector ju s t before the 
forward elimination is performed. This forward elimination procedure is  
continued until the record corresponding to the la s t degree of freedom of 
section m-1 is reached. Section m correspondeds to the centre-line of a 
certain trench length for which a solution is required. When this is done, 
there remains a set of coefficients of the stiffness matrix which are 
associated with the displacements of section m. These accumulated coefficients  
are the result of the forward elimination performed on the previous rows 
of the stiffness matrix. These are dumped on the backing store fo r future  
use. In addition, a ll the elements of [ d]~^ [ l] ”  ^ I*7! obtained so fa r  are
stored in a separate location in the fast memory for future use. ' Subsequently,
the stiffness submatrix j^ J jo f  suPere^ement 3 which connects section 
m-1 to section m is added to these remaining stiffness coefficients which 
are stored in the fast memory. As such, these coefficients w ill represent 
the stiffness coefficients fo r a trench which stops a t section m. The 
boundary conditions for symmetry about the xz plane through section m are 
imposed on both the coefficient matrix and on [D ]”  ^ [ i j  jp }  and the 
forward elimination is resumed. The decomposed matrix thus obtained is
(4.74)
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associated with the solution for a trench whose centre-line -isr at-section  
m. Back substitution to find:
gives the vector of displacements { a } for a trench of this length.
Having calculated this vector and processed the solution fo r a length 
with a centre-line a t section m, an additional solution for a longer trench 
may be restarted. This is done by recalling the set of accumulated matrix 
coefficients, which were stored when the forward elimination was done on
H *1
section m-1. The elements of [D]~ [l]~ which were, formed by -
forward elimination up to section (m-1) are also recalled so that the 
solution of the longer french may proceed. The solution fo r the longer 
trench follows the procedure described before, that is by adding the stiffness  
coefficients for section (n-j + +  1) and proceeding with the forward 
elimination. The forward elimination may thus be interrupted to obtain ; . 
a solution fo r a particu lar length of trench and restarted.
I t  must be emphasised that the-above procedure is elaborate and 
complicated and i t  presented many programming problems during its  development.
An overall assessment of the parametric studies carried out has shown, however, 
that the overall computational time was reduced by a t least 50$, while in 
certain studies savings up to 80 or 85$ were achieved.
4 .4 .8  Simulation of Free and Locking Joints
Most buried pipelines contain pipe jo ints which permit independent
axial movements and rotations of the adjacent pipe sections. These independent
axial movements and rotations are permitted in order to make the jo in ting
procedure an easier task and to reduce any residual stresses introduced by
the constructional process. In newly layed pipelines, both re la tive  axial
movements and rotations are characterised by upper lim its , related spec ifica lly
to the type of pipe. In older pipelines, jo ints are more s t i f f  and sometimes
completely r ig id  due to jo in t in f ilt ra t io n  by fine so ils  (Needham and Howe, 1979)
and corrosion (Tarzi et a l , 1979). Since the present work is mainly related
to structural fa ilu re  of buried pipelines, independent free rotations e
-  / \
and e2 of adjacent pipe sections and subsequent locking o f the jo in ts  are 
simulated in the f in ite  element models. No attempt is made to simulate
the e ffec t of re la tive  axial movements or the adjacent sections a t tne jo ints  
since axial forces in the pipe, induced by trench excavations, are unlikely  
to contribute s ign ifican tly  to the structural fa ilu re  of the buried pipe.
The basic f in ite  element simulation of free and locking jo in ts , is  
achieved by introducing an additional node, with three degrees of freedom a t 
every pipe jo in t . This way, there shall be three nodes at every pipe jo in t ,  
each node having three degrees of freedom. The displacements of the f i r s t  
node ( i )  are u, v and w for the pipe jo in t and also fo r the continuum a t that 
point (see f ig . 4 .10 ). The displacements of the second node ( i + 1) are the 
end rotations ev>, eAi and er of pipe section k. The displacements of the th inX y  / -
node are ex, ey and ez of pipe k + 1. This allows the treatment of the pipe 
jo ints with free rotations as opposed to the case of locked jo in ts  which were 
treated previously as the basic problem. In the la t te r  case, only two nodes 
were required, one fo r the set of linear displacements and the other fo r the 
set of rotations a t the jo in t , which were the same as the end rotations of 
each pipe section meeting at that jo in t .
The translations of the beam elements k and k + 1 a t the pipe jo in t  
are the same, while the rotations remain independent until locking of the 
jo in t occurs. Due to the nature of the model, rotation is always zero 
along the pipeline, therefore i t  is immaterial whether free rotation 6y is 
permitted a t the fle x ib le  jo ints or not. The re la tive  rotation (angular 
distortion) between two sections meeting a t a point is given by:
suffixes 1 and 2 refer to pipes k and k + 1, and
is the re la tive  rotation between the ends of the pipe 
sections meeting a t the jo in t.
In the case of free and locking jo in ts , a solution is f i r s t  obtained 
with a ll jo ints assumed to be free. I t  is specified that a particu lar jo in t  
w ill lock when the angle of distortion i|/ given above, reaches the maximum 
allowable The actual loading that induces one locked jo in t  may therefore
lUaX
be obtained. Theoretically, the remaining loading must be applied a fte r
(4.75)
where
Note: Joints i + 1 and i + 2 contain
the rotational degrees of freedom
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appropriate modifications to the stiffness matrix to conform with this  
condition of one locked jo in t. This type of modification to the stiffness  
matrix must be performed every time an extra locked jo in t appears un til 
the to ta l loading is applied. Simulation of free and locking jo ints  
requires a step by step loading approach which involves a high computat­
ional expense. I t  is believed that the study presented by Tarzi e t al 
(1979) gives a clear overall picture of the effec t of free and locking 
jo in ts . In order to ju s tify  the results presented by Tarzi et al (1979) 
two studies o f the problem involving rotations in the three dimensional 
space are carried out. These studies examine the effect of jo in ting  on 
long and short jointed pipe sections adjacent to a long trench. A 
detailed description of these studies is given in Chapter 6. In these 
two studies, the stress release due to the excavation is simulated
by small load increments at the appropriate nodal points. A fter every 
load increment, the maximum re la tive  rotations a t the jo in ts  are examined. 
When the allowable rotation at a particu lar jo in t is exceeded, the pipe 
is treated as a rig id  beam at that jo in t fo r any subsequent load increments.
4.5 LIMITATIONS OF S0IL-5TRUCTURE INTERACTION MODELS
In the present chapter, an attempt was made to ju s tify  the general
nature of the soil-p ipe interaction models used in the analysis and a
b rie f description of the analytical characteristics of these models was
presented. I t  is evident from the preceding discussion that so il-p ipe
interaction models are based on a larger number of assumptions than
analytical models simulating only the soil behaviour. I t  is expected,
therefore, that the soil-p ipe interaction predicted f ie ld  behaviour o f the
so il-p ipe , w ill suffer additional drawbacks due to the uncertainties
regarding the soil-p ipe in terfac ia l behaviour and the idealised assumptions
-145-
Building an analytical model to cover a ll possible variations  
relating specifica lly  to the real f ie ld  problem, is without any doubt 
an im possibility. A combined simulation of a ll the variables affecting  
the soil-p ipe interaction behaviour, in an analytical model is  an extremely 
d if f ic u lt  task and consequently parametric studies where a large number 
of variables are involved are subject to lim itations. I t  is generally 
accepted that the usefulness of parametric studies lies  in th e ir  a b ility  
to give a clear picture of the e ffec t of the d ifferen t variables on the 
performance of a structure. In the present study a large number of 
variables accumulated due to the possible variations of the excavation 
geometry,the trench excavation support system, the pipe position in 
relation to the trench, the soil non-homogeneity and anisotropy, the 
sliding effects between the pipe and the s o il, the pipe stiffnesses and 
the simulation of the pipe jo in ting  effects. I t  was obvious that a more 
re a lis tic  simulation of the stress-strain laws using non-linear e la s tic ity  
or p la s tic ity  laws, would not be advantageous due to the dramatic increase 
of the computational time required. In the present models, linear  
e la s tic ity  governs the stress-strain behaviour of the modelled s o il, the 
buried pipe and the in terfac ia l s lid ing. I t  is believed that these models 
simulate reasonably closely the deformation behaviour of cast iron, ductile  
iron and steel pipes buried in medium to s t i f f  clays. I t  is hoped, however, 
that the results obtained w ill be qu a lita tive ly  useful in the case of 
buried pipes made up of d iffe ren t materials and buried in various other 
soil formations.
As previously stated, f in ite  element solutions are lower bound 
solutions and th e ir accuracy can improve as a resu lt of mesh refinement.
In three dimensional analysis mesh refinement is very expensive; fo r this  
reason, the results presented in Chapters 5 and 6 should not be 
considered as absolutely correct analy tica lly  and they should be 
qu a lita tive ly  assessed in re lation  to the many variables governing the 
soil-p ipe interaction behaviour. The analytical results presented in 
Chapter 5 are purely related to ground movements induced by trench 
excavations. In an analytical simulation of an excavation problem, i t  
is necessary to examine the a b ility  of the model to predict real f ie ld  
behaviour. For this reason, a quantitative and qualitative  comparison 
is made between the predicted ground movements and the f ie ld  measurements 
a t the Manor Farm t r ia l  trench. Owing to the fact that most pipes fa i l
under excessive bending (Roberts and Regan, 1977), an analytical examination 
of the deformation gradients and general ground movements in the v ic in ity  
of a trench, are carried out. The study in Chapter 5 aims to identify  the 
major causes of the fracture of pipelines buried adjacent to trench 
excavations by presenting a clear picture of the induced ground movements. 
Quantitative and qualita tive  comparisons of the analytica lly  predicted 
ground movements are made in relation to the soil properties, excavation 
geometry, trench excavation procedure and trench backfilling .
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5. A PARAMETRIC STUDY OF SIMULATED GROUND MOVEMENTS RELATED
TO TRENCH EXCAVATIONS
5.1 A PARAMETRIC STUDY OF TRENCH EXCAVATION INDUCED GROUND
MOVEMENTS
The excessive straining of buried pipes caused by ground 
movements induced by adjacent trench construction is basically a short 
term problem (TRRL, 1979). Trench excavations are usually le f t  open 
fo r short periods of time and therefore the component of pipe straining  
induced by any long term time dependent ground movements should be 
expected to be comparatively small. Modern trench construction 
practice often involves excavation of fu ll trench depth in one 
operation using mechanical excavators, while support provision is delayed 
until a considerable length of trench is excavated. This type of 
practice is usually applied to re la tive ly  shallow trenches made in 
cohesive so ils , where the trench depth is less than the c r it ic a l depth.
In the case of excavations made in purely cohesionless so ils , sheet 
piling might be required to prevent the soil running into the excavation. 
The considerable delay in applying effective support to the sides of 
the trench, results in immediate 'e la s tic ' ground movements of three 
dimensional. nature in the v ic in ity  of the trench. Support provision 
at a la te r  stage is unlikely to reduce these ground movements even i f  
some form of prestressing of the support system is used. Evidence 
suggests that the support system may not prevent any short term time- 
dependent ground movements associated with the reduction in stiffness  
of s t i f f  fissured clays (Gumbel and Wilson, 1980). The nature of ground 
movements caused by the removal of the support and the subsequent back­
f i l l in g  of the trench, depends prim arily on the quality of the b a c k fill. 
Thus, a well compacted backfill may eliminate or reduce to the minimum 
any subsequent ground movements, while a poorly compacted backfill may 
give rise to considerable movemehts, primarily due to the compression 
and consolidation of the backfill i ts e lf .
Owing to the inefficiency of the support to prevent any immediate 
elastic  ground movements in the parametric study described in th is chapter 
the trench excavationis treated] as completely unsupported in the short 
term. I t  is assumed, however, that no collapse of the trench walls w ill
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occur. The analysis is carried out based on the assumption that the 
soil behaves in the short term as an incompressible e lastic  m aterial.
Such a behaviour is typical of most saturated clays.
The parametric study presented in this chapter deals exclusively 
with ground movements induced by trench excavations. Owing to the fact 
that excessive straining of a buried pipe is caused by the ground 
restraint forcing the pipe to follow the integrated ground deformation 
gradient, there seems to be a close relationship between ground 
movements and straining of the buried pipe. This chapter aims to give 
a 'v isual' picture of the problem by presenting the ground movements 
induced by trench excavations in graphical form. Attention is paid to 
the influence of the various factors affecting the magnitude and pattern 
of movements in the v ic in ity  of the trench. Particular attention is 
given to the high deformation gradients near the excavation corners 
and practical ways of reducing these deformation gradients are 
theoretically  examined.
The a b il ity  of the f in ite  element models to predict real f ie ld  
performance, is in i t ia l ly  assessed by comparing qua!itatively^theoretical 
predictions of ground movements with the f ie ld  measurements related to 
a t r ia l  trench excavated in the basement beds of London Clay ^t 
the Manor Farm s ite  of the University of Surrey. Owing to the fact that 
the analytical ground movement data of the parametric study which follows 
are presented in a dimensionless form, a ju s tifica tio n , of the dimension- 
less parameters used is presented. The basic analysis is carried out 
assuming undrained conditions where incompressible soil behaviour 
prevails . I t  is based on the undrained e lastic  parameters conforming’ 
to the restrictions imposed by the equations (4 .9 ), (4.10) and (4.17) in 
chapter 4 and by total stress removal. The main variables used in the 
analysis are the excavation geometry, the soil properties, and the in ~ 
situ stresses. The study includes an examination of the influence of the 
trench end benching on the reduction of the high deformation gradients 
near the excavation ends. In addition a drained analysis is carried out 
with a view to assess the influence of the compaction of the b ackfill on 
the short and long term ground movements in the v ic in ity  of the trench 
excavation. The chapter concludes with a discussion of the influence of 
the d ifferen t variables on the nature of ground movements induced by a
trench excavation and the p o s s ib i l i t ie s  o f minimising the high deform­
ation  gradients near the excavation ends using prac tica l trench 
construction procedures.
5.2 CALIBRATION OF THE THREE DIMENSIONAL FINITE ELEMENT MODELS -
THE MANOR FARM TRIAL TRENCH
As a f i r s t  attempt to provide a case h is to ry  o f ground movement 
data re la t in g  s p e c i f ic a l ly  to trench construction, a 4 m deep by 1 m 
wide by 15 m long t r i a l  trench was excavated in the basement beds.of 
the London Clay a t the Manor Farm s i te  o f the U nivers ity  o f Surrey, 
Guildford ( f ig .  5 .1 ). A de ta iled descrip tion o f the construction 
procedure and the observed ground movements was given by Gumbel and 
Wilson (1980). The trench was excavated in July 1978 using a backacter 
f i t t e d  w ith a 1 m wide bucket. The excavation was completed in 4.7 
hours. While excavation a t one end o f the trench was being completed, 
the f i r s t  10 m o f trench was spot-braced using an aluminium hydrau lic 
shoring system. The hydraulic s tru ts  were pumped up to a hydrau lic 
pressure o f 2.75 KN/m2, corresponding to a prestressing o f 9 KN per 
s t ru t .
Fig. 5.1 THE MANOR FARM TRIAL TRENCH
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Monitoring of the ground movements during and a fte r excavation 
was achieved, using simple surveying methods. Wooden-pegs were driven 
into the ground, before the commencement of the excavation, along the 
peg-lines shown in f ig . 5.2. Theodolite and target stations were 
established at the two ends of each peg-line and lateral-ground 
movements were determined by measuring offsets from the line of sight 
along each row of pegs. Vertical movements were determined by levelling  
the pegs with reference to a temporary.bench mark. . .
Some indication of the stiffness of the ground was obtained from 
in -s itu  trench wall jack tests. A detailed description of the trench 
wall jack device used was given by Lawrence (1977). A set of readings 
using the trench wall jack device was taken 2 days a fte r excavation.
An additional set of readings was taken 28 days a fte r excavation. A 
plot of the results by Gumbel and Wilson (1980) has shown that the 
equivalent undrained Young's Modulus of-London Clay increases consider­
ably with depth. The observations indicated a very rapid loss of 
stiffness over the 26 days period which separated the -two sets of 
readings. This is consistent with observations made by other workers 
(Cole and Burland, 1972; Marsland, 1973).
A simple f in ite  element study of the deformations associated with 
the Manor Farm t r ia l  trench, was carried out using two dimensional and 
three dimensional f in ite  element models. A more detailed description of 
this study was presented by Kyrou et al (1980). In this study the soil 
was treated as a linear e lastic  incompressible isotropic solid. Based on 
the trench wall jack results obtained 2 days a fte r excavation, the 
undrained Young's Modulus was estimated to vary lin early  with depth 
using the approximation:
E = 2 + 3.5 z M/m2
The trench faces were assumed to be unsupported and the excavation was 
simulated by to ta l stress removal described by a total stress at rest 
earth pressure coeffic ien t, KOy = 1 (see section 5 .3 ).
I t  is quite obvious that the analysis was based on a number of 
crude approximations and any correlation between the predicted and the 
observed magnitudes of ground movement must be regarded as fortuitous.
In particu lar the ground stiffnesses were obtained from a loading 
condition and i t  is unlikely that they represent the unloading 
condition arising from the stress release on the excavation faces.
Matters are complicated more by the time dependency of the soil 
stiffnesses. Furthermore the analysis treated the soil as an 
incompressible linear e lastic  continuum and the assumptions concern­
ing incompressibility and linear e la s tic ity  would not be s tr ic t ly  
valid . In addition the soil behaviour might not be the same as that of the 
continuum as simulated in the f in ite  element models.
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The comparison of the predicted and measured ground movements -is 
shown in f ig . 5.3. These are restricted to movements along peg lines A 
and B.since the observed ground movements along the remaining peg lines  
were unrealistic owing to observational inaccuracies. Despite the 
lim itations of the analysis, the predicted patterns of horizontal and 
vertical ground movements are in good agreement with observed patterns 
of ground movements. Both predicted and observed horizontal and vertica l 
ground movements are in good agreement in showing the rapid build up of 
trench end res tra in t. These good qualitative comparisons between the
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general patterns of observed and predicted ground movements, lead to 
the encouraging conclusion that a t least the behaviour of excavations 
made in overconsolidated clays can be approximated to that of a linear 
e lastic  continuum. A necessary condition for such a lin ear e lastic  
behaviour is that su ffic ien t support is provided to the sides of the 
trench in order to prevent yielding or fa ilu re . This is c learly  
demonstrated by the deformation gradients for both vertical and 
horizontal movements near the excavation ends. The obseryed deformation 
gradients neeir the unsupported excavation end are higher than the - 
deformation gradients near the unsupported excavation endi indicating  
some form of yielding or block type sliding due to the opening of the 
fissures.
The Manor Farm t r ia l  trench was in i t ia l ly  planned as a preliminary 
exercise. Owing to the crudeness of the monitoring techniques and the 
many sim plified assumptions governing the f in ite  element models, the 
importance of the observed and predicted ground movements should not be 
exaggerated. However, the comparisons were promising and indicated, that 
the ground deformation patterns in the v ic in ity  of a shallow trench 
excavation made in a heavily overconsolidated clay can be approximately 
predicted using lin ear e lastic  f in ite  element models where the trench is . 
treated as completely unsupported. The treatment of the excavation as 
unsupported, was ju s tif ie d  by the observations of the ground movements of 
the Manor Farm Tria l trench which showed that, despite the high efficiency  
of the propping system used, the short term time dependent ground 
movements caused by the reduction of soil stiffness could not be 
prevented, probably due to local ground yielding or local consolidation 
behind the supports. The ground movement data obtained from the Manor 
Farm Tria l trench demonstrated that vertical ground movements can be of 
significant magnitudes and therefore the simulation of the so il-p ipe  
interaction problem due to a trench excavation, should be modelled in 
three dimensions.
Considering the comparatively successful simulation of the Manor 
Farm t r ia l  trench, using three-dimensional linear e lastic  f in ite  element 
models, i t  is considered reasonable to apply these models in the para­
metric study of ground deformations induced by trench excavations, which 
is presented in the subsequent sections of this chapter.
5.3 DIMENSIONLESS GROUND MOVEMENT PARAMETERS FOR UNDRAINED ANALYSIS
The basic parametric study of ground movements induced by trench 
excavations was carried out assuming that the soil behaves as an iso­
tropic linear e lastic  and lin early  heterogeneous material which is 
incompressible under undrained loading. I t  was also assumed that the 
material was fu lly  saturated, with the water table at ground level and 
the water pressures prior to excavation hydraustatic. The dimension- 
less parameters used to represent the ground movements in the v ic in ity  of 
the trench are those used by St. John (1975) and Creed (1979). A 
ju s tif ic a tio n  of these parameters follows.
Ko*f y z
Ko y  y H
- Fig. 5.4 TOTAL VERTICAL AND HORIZONTAL STRESSES RELEASED, AT: THE. , 
BASE AND SIDES OF AN EXCAVATION
The total stresses released at the sides and base of the excavation 
are shown diagrammatically in f ig . 5 .4. Thus the released to ta l vertical 
stresses at the base of an excavation of depth H, are given by
<y = yH
and the released total horizontal stresses at the side of the excavation 
by .
0H = Ko(y -  y j z  + y z  = (to + (1 -  Ko) y i j  yZ = Kot yz -  (5 .1 )
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where Ko is the at rest earth pressure coefficient
KOj is a to tal stress at rest earth pressure coeffic ient 
y is the unit weight of water
' 03 3
Y is the unit weight of soil
and z is the vertical distance from ground level.
I t  is convenient to express the results in terms of the total 
load per unit horizontal length, hence
Pz =_yhw = - $  (YH2)
Px ~ 1  KoT(YH2)
Py = i  Kot (yH2) . . . . .  (5 .2)
where Pz , Px and Py are the released total loads per unit horizontal
length
H is the depth of the excavation
and W is the width of the excavation.
The total load released due to the excavation is the summation of 
the total released loads in the x, y and z co-ordinate directions. The 
total released loads in the x and y directions are proportional to KOy 
while the total released load in the z direction is independent of Koy. 
I t  is obvious therefore that the ground movements induced by excavations 
yary lin early  with Koy. For a given aspect ra tio  W/H and L/H the loads 
per unit horizontal length given in equations (5 .2) are proportional to 
y H2 . This suggests a factor to be a convenient dimensionless para­
meter for presenting the excavation induced ground movements in the case 
of a homogeneous s o il. However in the case of a lin early  heterogeneous 
soil in which the Young's Modulus is theoretically  proportional to the 
depth the corresponding dimensionless parameter is .
where X is the rate of increase of the e lastic  modulus, E with depth, z 
and 5 denotes the excavation induced ground movements.
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For convenience these dimensionless parameters are replaced by 
Svx, Svy, SV2, Scx5 Scy9 Scz where the subscripts v and c denote an 
e lastic  modulus varying proportionally with depth and a constant 
modulus respectively and the subscripts x, y and z the three global 
co-ordinate directions.
5.4 INFLUENCE OF THE GEOMETRY OF THE TRENCH EXCAVATION ON THE 
INDUCED GROUND MOVEMENTS
As previous researchers have shown (Clough and Tsui, 1974; Stroh 
and Breth, 1976; Creed, 1979) the pattern and magnitude of ground 
movements .Induced-by excavatiors are influenced considerably by th e ir  
geometry. This of course is in addition to the soil material properties, 
the in -s itu  stresses and the support type. In the present study the 
effec t of the excavation geometry on the induced ground movements was 
examined analy tica lly  using a three dimensional f in ite  element model 
where the excavation was treated as completely unsupported and the soil 
as incompressible, isotropic lin e a rly -e la s tic  and lin early  heterogeneous 
i .e .  E = a z . The effec t of the geometry was conveniently examined by 
in i t ia l ly  discussing the behaviour of a long trench of a given W/H ra tio  
followed by an examination of the effect of varying the length fo r the 
same aspect ra tio  W/H. Three values of aspect ra tio  were considered 
these being representative of a narrow trench, an intermediate trench 
and a wide trench. These discussions are presented below:
5.4.1 Ground Movements Induced by a Long Narrow Trench Excavation
The case of a long narrow trench excavation is typ ica lly  represented 
by W/H = 0.25 and a suitably large value of L/H. I t  was found that fo r  
a ll practical purposes, L/H greater than 3 may be used to represent a 
long trench. The results presented herein are for a value jj = 6. The 
graphical representation of the calculated ground movement parameters is  
shown in f ig . 5.5 to 5.8. The contour maps in f ig . 5.5 to 5 .7 .present 
the variation of the ground movement parameters in the x, y and z directions 
of the global co-ordinates. I t  should be noted that, although in the 
global axes of co-ordinates, the horizontal ground movements towards the 
excavation are negative, for convenience these movements are represented, 
as positive. As the diagrams clearly show, no significant settlements
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(<SZ) or movements towards the trench (§x) occur beyond a distance equal 
to three times the excavation depth from the excavation face. Move­
ments 6X and 6Z appear to build up very rapidly near the excavation ends 
and these high deformation gradients are lik e ly  to have an adverse 
effect on the services or pipelines buried adjacent to the trench. 
Movements <sY and 6_ seem to atta in  a maximum value within a distance
A Z
equal to the trench depth from the excavation corner. Thus, as the 
contour maps in f ig . 5.5 to 5.7 and the ground settlement p ro file  in 
f ig . 5.8 show, the deformation profiles for 6Y and 6 on sections normal
A  Z
to the longitudinal trench axis, remain more or less unaltered at 
distances longer than 1H from the trench corner. This applies equally 
to both vertical and horizontal movements. The magnitude of the maximum 
horizontal movements <$x seems to be considerably higher than the 
magnitude of the maximum vertical movements 6Z and they are approximately 
in the ratio  of 2 .5:1.
Horizontal movements parallel to the longitudinal axis of the trench 
( 6 y ) ,  seem to be of very small magnitudes and i t  is unlikely that such
movements w ill have an adverse effect on the performance of buried pipes.
The concentration of contours near the trench corner (f ig . 5.7) implies 
that small strains occur near the excavation corners. However these 
strains are in the axial directions of the pipe and due to th e ir  compara­
tiv e ly  small magnitudes, they are not expected to contribute s ig n ifican tly  
to any possible fa ilu re  of the pipe which is mainly in.bending.
5.4.2 Influence of Excavation Length
The effec t of the trench excavation length on the general pattern
and magnitude of ground movements along the excavation face at ground 
le v e l,is  demonstrated by f ig . 5.9 , 5.10 and 5.11. For small L/H ratios  
the deformation patterns for movements 6Y and 6_ follow closely a beam
A  Z
type deflection pattern. Such deformation patterns are also typical of
the case of deep-wide excavation where the L/H ratios are small (Cole and
Burland, 1979;.St. John, 1975). As the length of the excavation increases
in relation to its  depth no significant variation in the deformation
gradients near the excavation corners occurs. However, the maximum
movements ^  • and increase as L/H increases from zero to L/H = 2x max z max
and thereafter remain practica lly  constant for a ll values of L/H > 2.
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ig. 5.11 MAXIMUM HORIZONTAL AND VERTICAL GROUND MOVEMENTS IN RELATION TO TRENCH LENGTH
These results are c learly  shown in f ig . 5.11.
I t  is obvious that for a short trench the pattern and magnitude of 
movements is governed by the restraining effect of the end of trench.
For longer excavations the magnitude of movements in the central portion 
of the trench is governed by the restraining e ffect of the bottom of the 
excavation while the deformation gradients near the trench ends are s t i l l  
governed by the trench end restra in t. Fig. 5.10 gives a plot of the 
vertical ground movement of the excavation face at ground leve l. This 
shows a heave of a small region near the end of the excavation followed 
by a general settlement in the remaining length of the trench. This heave 
effect is due to compression of the soil near the excavation corner.
This e ffect is less obvious in the three dimensional settlement p ro file  
shown in f ig . 5.7. I t  must be emphasised that this heaving e ffec t is 
very localised and at short distances from the excavation face heave 
diminishes.
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5.4.3 Influence of Excavation Width
The excavation width seems to have a profound influence on the 
general pattern of ground movements adjacent to a trench excavation 
(see f ig . 5.12, 5.13 and 5 .14). Owing to the increased magnitude of
; Horizontal around movement parameter, S
0.1 0 1.0 0.8
— l - j  1------------ *—
■-•— -----------^  \  \  V
vx0.6
at centre- !ineat trench end
Fig. 5.12 THE INFLUENCE OF EXCAVATION WIDTH ON THE HORIZONTAL GROUND 
MOVEMENTS OF THE EXCAVATION FACE
the u p lif t  forces on the excavation_base, the vertical face of the
excavation near the central portion of the trench is subjected to some
form of rotation which increases, as the W/H ra tio  increases ( f ig . 5 .12).
Thus, due to this rotation the horizontal movements of the excavation
face at vertical sections away from the excavation ends , seem to
decrease at ground level and increase at the excavation base. Movements
6X at the excavation end increase as the excavation width increases
and this is due to the compression of the soil near the excavation end.
The influence of the excavation width on the general pattern of ground
movements along the length of the trench is c learly  demonstrated in f ig .
5.13 and 5.14. Thus, although both movements 6V and 6_ of the excavationX z
face at ground level atta in  a maximum value, approximately within a
distance 1H as in the narrow trench, the deformation gradients for
movements 6V and 6_ are subjected to a dramatic decrease as the excavation X z
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width increases. This is particu larly  important in the case of shallow 
buried pipes since the induced bending moments and sh^ar -forces may -  - 
reduce considerably. As f ig . 5.13 and 5.14 show the decrease in the 
vertical movements of the excavation face at ground level is much higher 
than the decrease in the horizontal movements.
5.5 INFLUENCE OF SOIL PROPERTIES ON THE PATTERN AND MAGNITUDE OF 
INDUCED GROUND MOVEMENTS - - -:
5.5.1 Influence of Cross-anisotropy
For undrained loading, the anisotropy of an elastic  soil may be 
expressed in terms of the parameters
m _ gvh e„ 
E,, and n = t—
- . - ' LV- - - ......- - - ........
In the analyses carried out, three .degrees of cross--anisotrbpy .were 
considered in addition to the isotropic case (m = , n = 1) as follows:
( i )  m = y ’, n = 1
( i i ) m = , n = 2 '
( i i i ) m = j  , n = 2
For a ll cases Ey varied lin early  with depth according to Ey = xz,
The results show that the patterns of vertical and horizontal
movements near the excavation are not particu larly  sensitive to the
d ifferen t degrees of anisptropy"(TTg."5.15 to 5.18)7 There- is,'however 
a considerable variation in the magnitude of ground movements. Horizontal 
ground movements towards the excavation are' higher for the isotropic case 
and they decrease as the values of the parameters m and n increase. When 
the value of n was increased from 1 to 2 the reduction of horizontal 
movement o f the excavation face-at ground level was. higher than the
 1 i i
corresponding reduction due to the increase of m from to • Although 
the basic pattern of horizontal movements is sim ilar in a ll four cases, 
the deformation gradients at the'excavation ends are higher fo r the
-165-
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isotropic case. The magnitude of vertical ground movements of the 
excavation face at ground level seems to be sensitive to the variation  
of the value of n, but insensitive to the variation of m.
As figure 5.18 shows however, the distribution of settlements 
with distance from the excavation face is affected s lig h tly  by the 
variation of the value of m. The vertical deformation gradients at 
the excavation corners vary considerably with the variation of m and 
n, but the isotropic case as in the case of the horizontal movement, 
gives the maximum vertical, deformation gradients ( f ig . 5 .16).
5.5 .2 Influence of Homogeneity
Soils in general are non-homogeneous and the soil stiffness usually 
increases with depth. Since in the basic analyses the soil was treated  
as lin early  heterogeneous where Ey = xz, in the present study the soil was 
treated as linear e lastic  isotropic and homogeneous. The comparisons made 
between the two types of analysis carried out, are only qua lita tive  since 
model s im ila rity  does not exist owing to the d iffering  variation of the 
soil modulus.
H o r iz o n ta l  g round  movement o f  e x c a v a t io n  f a c e ,£ x
as a p r o p o r t io n  o f  th e  maximum h o r iz o n ta l  movement,b _
r l r  0.5 0  ------i -  :z l: .  .Z ij .."  1 .» r   - t r r - ' ____ 7____ ,
\ ■ :
’ x max
i n e a r ly  h e te ro g e n e o u s
.homogeneous
F i s .  5 . 1 9  THE INFLUENCE OF HOMOGENEITY ON THE PATTERN OF HORIZONTAL GROUND 
OF THE EXCAVATION FACE AT THE TRENCH C E N TR E -LIN E ,^ ,
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The patterns of horizontal ground movements of the face of a 'long' 
excavation near the trench centre-line is shown in f ig . 5.19. Two graphs 
are shown in this figure, one for a homogeneous soil and the other for 
a lin early  heterogeneous s o il. The graphs are plotted in a normalised 
form to give the same displacement at ground level in each of the two cases. 
Owing to the low soil stiffness of the lin early  heterogeneous soil near the 
ground level the horizontal displacement of the excavation face seems to 
increase gradually from a small value at the excavation base to a 
maximum at ground level. On the other hand the corresponding displacement 
for the homogeneous soil seems to increase rapidly above the base of the 
excavation, to a maximum value at a depth of approximately 0.4H to 0.5H 
and thereafter remains constant.
These observations fo r the la tte r  case are particu larly  important 
for assessing the risk of fracture of pipelines buried adjacent to a 
trench excavation. Thus, i t  is lik e ly  that the straining of the buried 
pipe due to the horizontal ground movements w ill be significant at lower 
depths of pipe buria l. I t  is also interesting to note that the homo­
geneous soil is more fle x ib le  near the base of the excavation and as a 
result the horizontal ground movements at this point are comparatively 
higher than those of a lin early  heterogeneous s o il , the comparison being 
based on the maximum horizontal movements at ground level.
The comparison of the horizontal and vertical movements of the 
excavation face at ground level in relation to the length of the trench 
is shown in f ig . 5.20 and 5.21. I t  is clear that both vertical and 
horizontal movements fo r a homogeneous soil build-up less rapidly near the 
excavation ends.than in the case of the lin early  heterogeneous s o il.
This is not an evidence however, that pipes (especially larger diameter 
pipes) buried at shallow depths in homogeneous soils w ill be subjected to 
a smaller risk of fracture than pipes buried in lin early  heterogeneous 
materials. This risk is c learly a soil-pipe interaction problem where the 
re la tive  stiffness of the soil and the pipe at the interface are governing 
factors of the structural forces induced in the pipe. Another interesting  
point to observe is the fact that the heaving near the excavation corner of 
a trench dug in a homogeneous soil is re la tive ly  larger than in the case 
of a heterogeneous soil and this can be attributed to the horizontal 
deformation of the soil at lower depths.
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5.6 INFLUENCE OF IN-SITU STRESSES
I t  has already been shown in section 5.3 that the ground move­
ments induced by an excavation made in an e lastic  soil vary lin early  
with the to tal stress at rest earth pressure coefficient Koy. The 
induced movements consist of a component resulting from the release of 
the vertical in -s itu  stresses and a component resulting from the release 
of the horizontal in -s itu  stresses. Although ground movements vary 
lin early  with Koy, i t  should not be assumed that soils with a high Koy 
value are subjected to proportionally larger magnitudes of movement.
Real soils with high Koy values are characterised by high stiffnesses, 
therefore the increase in movements might not be as significant as 
expected.
In the present study the very theoretical problem of an excavation 
made in an isotropic, lin early  e lastic  incompressible and lin early  
heterogeneous soil was examined analytica lly  using various Koy values.
In order to demonstrate the effec t of the release of the vertica l stresses, 
a wide excavation was analysed. Three values of Koy were used in the 
analysis i .e .  Koy = 0 ,  1, 2. The value of Koy = 0 corresponds to a 
release of the vertical stresses only, and this effect is demonstrated in 
f ig . 5.22a. Thus, the vertical face of the trench is pushed back near 
the ground level while an inward movement results at the bottom of the 
trench. This c learly  indicates some form of rotation. The e ffec t on the 
settlements at ground level is shown in f ig . 5.22b. A heave of considerable 
magnitude takes place within a distance of 1H from the excavation face.
The deformation profiles for the horizontal movements of the excavation 
face and the vertical movement at ground level for Koy = 1 and Koy = 2 
are shown in f ig . 5.22a and 5.22b. The linear variation of the maximum 
horizontal and vertical ground movements associated with the analysed trench 
in re lation to Koy, are shown in fig...-5.22c., I t  i.s evident that the'release  
of the vertical stresses affects more s ign ifican tly  the maximum vertical 
movements at ground surface rather than the maximum horizontal movements.
The variation of horizontal ground movements of the excavation face at 
ground level are shown in f ig . 5.23. Clearly the pattern of horizontal 
movements at ground level for Koy = 1 and Koy = 2 is very sim ilar. However 
the deformation gradient for Koy = 2 is much higher. In th is idealised  
situation i t  is assumed that the ground stiffness is independent of the 
in -s itu  stresses. However i t  is well known that this is not the case
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in real f ie ld  problems. Therefore i f  i t  is assumed that the ground 
stiffness for Koy = 1 is half the stiffness for Koy = 2, the horizontal 
ground movements w ill be very sim ilar in magnitude and pattern for the 
two cases9 thus indicating that the in -s itu  stresses might not be as 
important as anticipated.
5.7 DISTRIBUTION OF HORIZONTAL AND VERTICAL GROUND MOVEMENTS WITH 
DISTANCE FROM THE EXCAVATION FACE.
The distribution of ground movements with distance from the 
excavation faces of deep wide excavations has been studied extensively 
by d ifferen t researchers (Peck, 1969; O'Rourke e t .a l ,  1976; Crofts et al 
1977). Owing to the lack of data relating specifica lly  to trench 
construction the distribution of horizontal and v e rtic a l ground 
movements obtained analy tica lly  in the present study are presented 
graphically and comparisons are made with distribution diagrams based 
on observations of deep excavations. I t  is noted that such diagrams 
are very important in showing the region of influence of the excavation 
induced ground movements.
Fig. 5.24 INFLUENCE L IN E S  REPRESENTING THE D IS T R IB U T IO N  OF THE 
HORIZONTAL AND VERTICAL GROUND MOVEMENTS WITH DISTANCE FROM THE TRENCH FACE
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The influence lines representing the distribution of the calculated 
horizontal movements for two narrow trenches ( i .e .  W/H = 0.25) made in 
homogeneous and non-homogeneous soils as well as a wide trench ( i .e .
W/H = 1.5) made in a non-homogeneous s o il, are presented in f ig . 5.24.
I t  is evident that the distribution of horizontal movements is not affected 
considerably by the width of the excavation. However homogeneity seems 
to have a profound influence on the distribution of horizontal movements 
from the excavation face. In a ll cases the horizontal, displacement is  
reduced to approximately zero at a distance of 4H from the face of the 
excavation. The rate of change of this deformation in the v ic in ity  of 
the trench however is much lower fo r the homogeneous soil than that for 
a lin early  heterogeneous s o il. An influence line  based on observational 
data, presented by Crofts et al (1980) seems to be in good agreement with 
the influence lin e  representing a narrow trench made in a homogeneous 
s o il. Generally the four influence lines fo r horizontal ground movements 
presented in f ig . 5.24a are in reasonably close agreement.
There seems to be a considerable variation in the pattern of 
distribution of the vertical ground movements (f ig . 5.24b). Thus, ground 
settlements associated with a narrow trench made in a homogeneous s o il, 
seem to spread beyond a distance of 4 H from the excavation face. In 
contrast ground settlements associated with a narrow trench made in a 
lin early  heterogeneous soil seem to atta in  a small magnitude at distances 
of 4H from the excavation face. The settlements associated with a wide 
trench made in a lin early  heterogeneous soil are comparatively large at 
considerable distances from the trench. This is not an evidence however, 
that the magnitude of movements at these distances is high, since 
influence lines represent.normalised vertical ground movements and 
generally settlements associated with wide trench excavation are 
considerably smaller at the excavation face than settlements associated 
with narrow excavations. For comparative purposes the lines separating 
the settlement zones I - I I  and I I - I I T  presented by Peck (1969) are 
reproduced in f ig . 5.24b in a normalised.form. Influence lin e  I - I I  which 
essentially represents s t i f fe r  so ils , shows a more localised d istribution  
pattern while lin e  I I - I I I  representing nearer soils shows s ignificant 
settlements up to horizontal distances equal to 4H from the excavation 
face. However the distribution patterns of these two lines are reasonably 
close and they seem to be in reasonable agreement with the influence lin e
representing the vertical ground movements associated with a narrow 
trench made in a nearly heterogeneous so il.
5.8 SHORT AND LONG TERM GROUND MOVEMENTS INDUCED BY TRENCH EXCAVATIONS
I t  is frequently suggested that pipeline fracture caused by 
adjacent trench construction is basically a short term problem. Evidence 
reported by Keith (1979) and Howe et al (1980) suggests that most pipe 
fractures occur during or ju s t a fte r completion of the excavation.
However i t  is also reported that in certain cases fractures may occur 
sometime a fte r reinstatement of the trench (Crofts et a l 1977). A fter 
excavation of a trench in a fine-grained s o il, excess pore water pressures 
are introduced in the soil adjacent to the trench. The dissipation of 
these excess pore water pressures results in zones of swelling and 
consolidation and hence additional ground movements. The dissipation 
of these excess pore.water.pressures is time dependent and i t  would be 
inappropriate to assume that ground movements induced, by the partia l 
dissipation of these pressures up to fu ll and proper reinstatement of 
the trench can influence considerably the structural performance of the 
buried pipe. In certain cases, owing to poor compaction or weakness of 
the backfi11 further ground movements wi11 occur following 1ateral 
compression of the b a c k fill. These further movements-may cause the pipe 
to strain s u ffic ie n tly  to cause fracture.
Since the dissipation of the excess pore water pressures in the 
soil skeleton results in a change in effective stresses i t  is fundament­
a lly  desirable to carry out an effective stress analysis. A simple 
effective stress analysis can be carried out in two steps as'described 
by Creed (1979) and i t  is very sim ilar to the simplified method of 
estimating consolidation settlements described by Eisenstein e t al 0976} 
and Brown and Burland (1980). According to this method, short term ground 
deformations of a soil' subjected to a loading, are obtained by carrying 
out an undrained analysis using the undrained e lastic  parameters Ey, E^  
and GyH and imposing the incompressibility conditions, given by equations 
(4 .9) and (4 .10). The excess pore water pressures within the soil skeleton 
induced by undrained loading are then calculated at the centroid of each 
continuum f in ite  element using the relations (4.25) and (4 .27). The 
effective stress changes induced by pore pressure dissipation, can be
simulated by converting the effective normal stresses at the centroid 
of every f in ite  element, into equivalent nodal forces (£isenstein et al 
1976) and carrying out a drained analysis using the drained e lastic  
parameters E^, Ey, Gy ,^ and Vy^. As shown in chapter 4, section 4, 
assuming the effective stress parameters are time independent, there 
exists a unique relationship between the undrained and drained e lastic  
parameters of a particu lar s o il. Thus, the long term ground movements 
are the summation of the.ground movements induced by undrained loading 
and the ground movements induced by the excess pore.water pressure 
dissipation.-
In the present case the nature, of the long term ground movements, 
in relation to the softness and degree of compaction of the backfill 
was examined, using a two dimensional plane strain model. This model 
consists of a vertica l section of unit thickness near the centreline of 
a long trench excavation. The soil was treated as ..homogeneous, isotropic, 
linear e lastic  and incompressible in the short term, described uniquely 
by the undrained Young's Modulus E and undrained Poisson's ra tio  v. The 
drained Poisson's ra tio  v '. .was assigned the values of v ' = 0. 3 and 
v 1 = 0 .1 ,  in separate analyses.
Since the water is unable to res is t shear, the isotropic undrained 
and drained shear moduli must be equal i .e .  G = G', whence
E E'
•Zn+vF = '2 ( l+ v 1')'
and v = 0.5 fo r undrained conditions. The analysis was based on the 
assumption that the water table was at the ground level before and a fte r  
reinstatement of the trench. I t  was also assumed that no s ignificant 
pore pressure dissipation occurred between trench excavation.and b ack fillin g . 
Thus the short term ground movements due to excavation and backfilling  of 
the trench, were calculated in one step considering the.resulting to tal 
stress release on the excavation faces a fte r backfilling . The unit weight 
of the backfill material was taken to be the same as the parent soil which 
essentially means that the to tal stress release at.the excavation base was 
zero, assuming no arching effects. The drained stiffness of the b ackfill 
material was assumed to vary proportionally with the backfill earth pressure
ra tio , r b, which is defined as the. ra tio  of the resulting horizontal 
backfill to tal earth pressures to the in it ia l  at rest horizontal to tal 
earth pressures. Two values were assigned to r^ i .e .  r^ = 0.3 and 
r^ = 0 .5 . The resulting stress release on the excavation faces was 
considered to be equal to the difference between the*at rest horizontal 
total stresses and the backfill horizontal total stresses. Thus, for 
the two cases considered above,, the gradients of the released horizontal 
to tal stresses were described by 0.7 Koy arid 0.5 Koj respectively. In 
the drained analysis, where the pore water pressure dissipation was 
simulated, the f in ite  elements within the trench excavation area were 
assigned stiffnesses proportional to the backfill earth pressure ratio
v
The results of the analyses are shown in f ig . 5.25 and 5.26. Since 
the soil was treated as lin early  e la s tic , i t  is clear that the reduction 
of the horizontal movement of the excavation face w ill vary lin early  with 
the value of r^ and this is c learly  demonstrated by the analytical 
results shown in f ig .  5.25. I t  is also clear th at, since.the excavation 
and backfilling  of the trench is simulated analytica lly  as one operation, 
the excess pore water pressures introduced.in the lin early  e lastic  "soil" 
a fte r these two operations,will also vary proportionally with r^. The 
changes in e ffective stress within the soil skeleton a fte r pore pressure 
dissipation are therefore higher for the value of r^ = 0.3 than for the 
value of r^ = 0 .5 . As might be expected in tu it iv e ly , the dissipation of 
these pore pressures w ill introduce additional movements which w ill be 
higher for the value of r^ = 0.3 than for the value of r^ = 0 .5 . The 
analytical results show that for the same drained Poisson's Ratio, 
v' = O ^ th e  trench where the backfill is more poorly compacted ( i .e .- . .  
r^ = 0 .3 ) w ill be subjected to considerably higher additional horizontal 
movements than the excavation face of the trench restrained by a better 
compacted backfill material ( i .e .  r^ = 0 .5 ). I t  should be emphasised, 
that these long term movements are not only dependent on the magnitude 
of the changes in effective stresses due to pore pressure dissipation  
within the soil skeleton^but also on the stiffness of the backfill 
material i t s e lf .  Considering the two backfill earth pressure ratios  
r^ = 0.3 and r^ = 0.5 the induced excess pore water pressures are in the 
ra tio  . As f ig . 5.25 shows, however, the resulting long term 
additional horizontal ground movements are approximately in the ra tio
-177-
2:1 which underlines the in a b ility  of the poorly compacted.backfill to 
reduce these long term ground movements.
An analysis carried out using r^ = 0 .5  and a smaller undrained 
Poisson's Ratio v' = 0.1 has shown that the excavation face is subjected 
to additional bulging (f ig . 5.25b). Although the analysed trench 
excavation was narrow and therefore the thickness of the compressed 
soil near the excavation base was small, the magnitude of the horizontal 
movements at the excavation base a fte r pore pressure dissipation was 
sim ilar to that at the top of the excavation. This is because of the 
high magnitude of the excess pore water pressures near the excavation 
base. The resulting long term horizontal movements near the excavation 
base are shown to be higher than the corresponding short term movements 
a fte r excavation. I t  is interesting to note that the horizontal move- 
ments due to pore pressure dissipation, at a depth of H/2 below the 
surface are higher in magnitude than those at the top or the bottom of 
the excavation.
The influence of the backfill earth pressure ratio  r^ on the 
magnitude and pattern of induced short and long term settlements in the 
v ic in ity  of the trench is shown in f ig . 5.26. Although generally the calcul­
ated long term horizontal movements are smaller in magnitude than the 
short term movements a fte r excavation,, this might not apply in the case 
of settlements. The ground settlements obtained an aly tica lly  using 
r^ = 0.3 and v' = 0.3 show that the long term settlements might be higher 
than the short term settlements within a distance of up to 1H from the 
excavation face. The long term settlements seem to decrease rapid ly, 
however, with distance from the face of the trench and some heaving is  
shown at distances more than t \  times the excavation depth. Similar 
results are shown in f ig . 5.26b where the analyses were based on r^ = 0.5  
and v' = 0.3 o r  v  = 0 .1 . The long term settlements in the v ic in ity  of 
the trench however are not higher than the short term settlements and 
this is due to the better compaction of the b a c k fill. The smaller 
drained Poisson's Ratio seems to result in higher settlements near the
trench and higher magnitudes of heaving away from the trench.
Although the study is highly idealised owing to the uncertainties 
regarding the parameters used in the analyses, i t  proved that considerable 
horizontal and vertical movements due to pore pressure dissipation take
place in the long terms and i f ,  compaction of the backfill is  poor the
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resulting to tal vertical or horizontal movements may exceed the short 
term movements due to the excavation alone. As the analysis has shown 
the magnitude of movements a fte r trench backfilling reduces proportion-^ 
a lly  with the value of r^. This might not be the case.in practice, how­
ever, where the backfilling  operation not only reduces the short term 
ground movements but introduces additional movements due to the passage 
of machinery, local ground fa ilures due to support removal and poor 
compaction. I t  is evident therefore that in the majority of cases where 
backfill compaction is poor the long term ground movements should be 
higher than the short term movements a fte r excavation. In the case of 
excavations made in s t i f f  fissured clays (e .g . London Clay) the magnitude 
of ground movements may be magnified even further due to the time depend­
ent loss of stiffness of the material in the v ic in ity  of the trench 
(Gumbel and Wilson, 1980).
The results of the analyses reported above appear to confirm that 
pipe fracture may either be a short term problem occurring during 
excavation or a long term problem which is associated with a poorly 
compacted b a c k fill.
5.9 INFLUENCE OF TRENCH END BENCHING ON THE PATTERN OF INDUCED
GROUND MOVEMENTS
I t  has already been shown in previous sections of th is chapter 
that trench excavations are associated with high deformation gradients 
in the vertical and horizontal directions near the trench ends. These 
deformation gradients are lik e ly  to a ffect adversely any nearby buried 
pipelines. As shown in sections 5.3 and 5 .4 , the magnitude and pattern 
of movements is considerably affected by the soil properties and the 
excavation geometry. However these factors characterise a particu lar  
excavation and they are beyond the control, of the excavating contractor.
A simple practical method of reducing these high deformation gradients 
is trench end benching. Thus the advancing end of the trench is excavated 
in a sloping manner, so that the end face of the excavation makes an angle 
eb < 90 with the horizontal. This w ill be called the angle of benching.
Since the high deformation gradients near the excavation ends are 
the result of the constraint offered by the trench end, i t  is expected
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that the inclined constraining boundary of the trench w ill reduce 
considerably the deformation gradients of movements in the x and z 
directions. The e ffec t of the trench end benching on the deformation 
gradients of a long, narrow trench excavation, was examined by carrying 
out an undrained analysis where the soil was treated as lin early  e la s tic , 
isotropic and incompressible. The cases of homogeneous and lin early  
heterogeneous soils were examined separately using two d ifferen t angles 
of benching i .e .  = 45° and = 34°.
The variation of the vertical and horizontal movements of the 
excavation face at ground level for the homogeneous soil is shown in  
f ig . 5.27 and 5.28 and fo r the lin early  heterogeneous soil in f ig . 5.29 
and 5.30. The results are compared with the analytical results of 
excavations without any benching. The diagrams convey basically the 
same message. Although the magnitude of maximum vertical and maximum 
horizontal movements remains unaltered the deformation gradients reduce 
considerably. I t  is interesting to note that the heaving e ffec t due to 
compression of the soil near the-excavation corner is reduced considerably 
by benching. As the plotted results show, the horizontal and vertical 
movements a tta in  a maximum value-at distances 1.5H.from the excavation _ 
corner fo r = 45° and 2H for = 34°. The corresponding distance fo r ,  
an excavation without benching is lH. I t  is expected therefore that 
the structural forces induced in pipes buried parallel to trenches 
excavated with benched ends w ill be reduced s ign ifican tly .
5.10 A RETROSPECTIVE EXAMINATION OF THE FACTORS CONTROLLING TRENCH
EXCAVATION PERFORMANCE AND THEIR SIGNIFICANCE IN ASSESSING
THE-RISK OF PIPELINE FRACTURE
Any method attempting to assess the risk of fracture of pipelines 
buried adjacent to trench excavations should be the result of a thorough 
examination of a ll the factors controlling the performance of trench 
excavations and the factors controlling the soil-p ipe interaction. I f  a 
useful design method is to be proposed i t  is necessary.to eliminate some 
of the less important variables controlling the performance of trench 
excavations and the soil-p ipe interaction. A thorough study of these 
variables is therefore necessary in order to obtain a clear picture of 
th e ir influence on adjacent buried pipelines.
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As stated previously the structural forces in a pipe buried adjacent 
to a trench construction are related to the pattern and magnitude of the 
induced ground deformations. The analytical results reported in this  
chapter show that the general pattern and magnitude of ground movements 
can be considerably affected by the geometry of the excavation, the soil 
properties, the in -s itu  stresses, the compaction of the backfill and the 
trench end benching.
I t  has been shown theoretically  in section 5.3 that fo r given 
aspect ratios W/H and L/H and constant .'.material properties the magnitude 
of trench excavation induced ground movements is proportional to yH2.
I t  is also evident from the analytical results that, provided a trench 
is ‘ long1 and the ratio  W/H for any analytical model is constant, the 
maximum ground movements are independent of the L/H ra tio . The analytical 
results presented in section 5.4.3 demonstrate the high sen s itiv ity  of the 
deformation gradients of movements in the x and z directions at ground 
leve l, to the variation of W/H. Thus a narrow trench having a small W/H 
ra tio  seems to give generally higher deformation gradients near the 
excavation corners and higher magnitudes of movement in both the horizontal 
and vertical directions. I t  is therefore obvious that pipes of shallow 
burial adjacent to narrow excavations are subjected to higher risks of 
fracture than pipes buried adjacent to wider excavations... This conclusion 
is valid despite the fact that a pipe buried in a small region near the 
base of a wide excavation is subjected to.higher bending moments and 
shearing forces than a pipe buried in the corresponding region near the 
base of a narrow excavation. This is because of the re la tiv e ly  higher 
horizontal and vertical movements associated with this region in a wide 
excavation. I t  is emphasised though that the associated deformation 
gradients are very small compared to the deformation gradients near the ground 
surface and as such pipes buried at a depth near the excavation base should 
not generally be subject to high risk of fracture. Since i t  is desirable 
to eliminate as many variables as possible from the soil-p ipe interaction ■ v  
analyses presented in chapter 6, and since trench excavations are usually 
narrow, i t  seems advisable to ignore the variable W representing the 
excavation width by analysing a narrow trench having a small and constant 
value of W/H.
The influence of the excavation length on the general pattern 
and magnitude of induced ground movements is demonstrated by the 
analytical results presented in section 5 .4 .2 . Since longer excavations 
are associated with higher deformation gradients than, shorter excavat­
ions i t  can be argued that a long excavation w ill induce the highest 
structural forces in an adjacent buried pipe. I t  seems advisable 
therefore to ignore the variable L representing .the excavation length 
from an analyses attempting to assess the maximum structural forces 
induced in a buried pipe due to the excavation of a nearby trench. I t  
must be stated however that the variable L is a very useful parameter 
in studying the influence of the construction and support proceduresj aind for 
this reason i t  remains one of the main variables of the soil-p ipe in te r­
action analyses presented in chapter 6.
The analytical results presented in section 5.5.1 demonstrate that _ 
trench excavations made in isotropic soils are associated with higher 
magnitudes of movement and higher deformation gradients near the 
excavation corners than cross-anisotropic soils. I t  is not certain how­
ever this w ill result in reduction of the structural forces induced in :: 
larger diameter buried pipes^since cross-anisotropic materials are 
associated with higher horizontal Young's Modulus and Shear Modulus.
For small diameter pipes i t  is certain that excavations made in iso­
tropic^ soils induce the highest structural forces. Sim ilar arguments : 
apply to the case of homogeneous and lin early  heterogeneous so ils . As 
shown in section 5.5 .2 lin early  heterogeneous soils are associated with 
higher deformation gradients near the excavation corners than homogeneous 
soils. Due to the rapid variation of the soil e lastic  modulus with depth 
i t  is extremely d if f ic u lt  to assess the influence of soil homogeneity on 
the structural forces induced in the buried pipe,, based solely on the 
ground deformation profiles and therefore an analytica l examination of 
this soil-p ipe interaction problem is essen tia l.. -
An examination of the influence of in -s itu  .stresses on the general 
nature of ground movements induced by a trench excavation shows that the 
movements within the soil continuum vary lin early  w ith.the to ta l stress at 
rest earth pressure coefficient Ko-p For a narrow excavation the move­
ments within the soil continuum are approximately proportional to Ko-p since 
the contribution of the released vertical forces to the induced ground
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movements is very small. I f  i t  is assumed that any structural forces 
induced in a pipe buried adjacent.to a narrow excavation are approximately 
proportional to Ko-pSuch an approximation would be s lig h tly  conservative.
The analytical results of the drained analysis attempting to 
evaluate the influence of the compaction of the backfill on the induced 
short and long term movements, has shown that i t  is extremely d if f ic u lt  
to carry out such an assessment due to the uncertainty regarding the 
various factors affecting the process of trench backfilling . The analyses 
have shown however that provided the compaction.is good and the soil 
stiffness is independent of time, the long term movements are not expected 
to be higher than the short term movements induced by the excavation 
only. I t  is possible however that poor compaction of. the backfill may 
give rise to additional ground movements and hence additional strains on 
an already strained pipe.
Excavation of a trench having benched ends has shown, that this may 
result in substantial reduction o f the high deformation gradients near 
the excavation ends. I t  is expected that the induced structural forces 
in the buried pipe w ill in this case be reduced considerably but this can 
only be demonstrated by using the appropriate soil-pipe interaction models. 
Although the method seems to be theoretically suitable i t  is lik e ly  to  
give rise to p rac tica l. problems associated with the construction o f this type o f  
excavation.
The work presented in this chapter is useful in examining the 
performance of trench excavations in the absence of adjacent buried pipes. 
Clearly, the results presented in this chapter can be used to predict the 
qualitative rather than the quantitative behaviour of.pipes buried in the 
v ic in ity . Therefore th is work may be usefully employed in reducing the 
parameters to be taken into account in the analyses o f the soil-p ipe  
interaction which follows in chapter 6.
CHAPTER 6
6 GROUND MOVEMENT INDUCED STRUCTURAL FORCES IN BURIED ELASTIC
PIPES
6.1 soil- pipe  INTERACTION
The analytical studies of ground movements induced by trench 
excavations and the observations of ground movements from the Manor 
Farm Tria l Trench presented in chapter 5 gave a picture of the 
behaviour of the ground in the zone of influence of an excavated 
trench in relation to the d ifferen t factors affecting the performance 
of trench excavations. I t  has been shown that generally the ground in 
the zone of influence of the excavation tends to se ttle  and deflect 
horizontally in a direction normal to the longitudinal axis of the 
trench. Both vertical and horizontal ground movements build up very 
rapidly near the excavation corners and a fte r they attain  a maximum 
value th e ir magnitude remains unaltered fo r the rest of the trench 
length. The results showed that the general deformation patterns and 
the magnitudes of ground movements are affected by the soil properties9 
the excavation geometry, the at rest in -s itu  stresses and the compact­
ion of the backfill used for the trench reinstatement. I t  has also 
been demonstrated that by excavating a trench having benched ends, the 
deformation gradients near the excavation corners may reduce consider­
ably.
These results of ground movements were discussed and interpreted  
according to th e ir probable influence on pipelines buried adjacent to : 
the excavation. I t  is evident from the theory of structural analysis 3 
that the bending and shearing forces introduced in a loaded beam are 
dependent on the deformation pro file  of such a beam. Thus, in the 
case of a trench excavated adjacent to a buried pipe the ground w ill 
deform v e rtic a lly  and horizontally, thereby forcing the buried pipe 
which acts lik e  a beam to obey compatible behaviour. Owing to the 
rapid build up of movements near the excavation corners i t  is expected 
that the induced bending and shearing forces in these regions w ill be 
high and they may be su ffic ien t to cause fracture of the pipe.
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The present chapter aims to give a clear picture of the interaction of 
the pipe with the la te ra lly  and v e rtica lly  deforming soil in the 
v ic in ity  of a trench excavation, by employing three dimensional f in ite  
element soil-p ipe interaction models. As has been shown in chapter 5, 
the prediction of the long term performance of trench excavations is 
d if f ic u lt  due to the many uncertainties related to the compaction of 
the backfill and the probable time dependency of the soil stiffness in 
the region of influence of the trench excavation. For this reason the 
parametric study presented in this chapter is related to the short term 
performance of trench excavations and the corresponding soil-p ipe  
behaviour. The soil is treated as lin e a r-e las tic , incompressible and 
both isotropic and cross-anisotropic. In most cases, separate analyses 
are carried out in order to assess the effect of soil non-homogeneity.
Thus, analyses aiming to assess the effect of d ifferen t factors a ffe c t­
ing the soil-p ipe interaction, are in certain cases carried out 
separately fo r homogeneous ( i .e .  E = constant) and lin early  hetero­
geneous soils ( i .e .  E = Az ).
The collection of data related to fa ilures of buried pipes by 
Roberts and Regan (1977) has shown that most pipes and especially small 
diameter pipes fa i l  in bending. For this reason, the present chapter 
pays particular attention to the bending moments induced in the buried 
pipes by trench excavations. The possib ility  of a pipe shear fa ilu re  
can be considered as very remote. However, in order to present an 
overall picture of the soil-p ipe interaction the shear forces induced 
in buried pipes are also presented where ever i t  is considered appropriate. 
Evidence based on the analytical results presented in chapter 5 suggests 
that the ground movements in a direction parallel to the longitudinal 
axis of the pipeline are very small when the excavation is narrow.
Although the magnitude of these movements may increase with an increase 
of the trench width, i t  is unlikely that these movements may contribute 
significantly  to the structural fa ilu re  of a buried pipe. For this  
reason, the normal forces induced in buried pipes by such movements are 
usually discussed in combination with the bending moments induced in the 
buried pipe by a trench excavation and th e ir combined effec t assessed.
As stated in chapter 5, a design procedure aiming to assess the risk  
of fracture of buried pipelines should be the result of a thorough
examination of a ll the factors controlling the performance of trench 
excavations and the soil-p ipe interaction. Such a procedure should 
be based on the smallest possible number of variables, hence the less 
important variables should be eliminated from the fin a l form of such 
a procedure a fte r th e ir probable influence on the soil-p ipe interaction  
has been clearly defined. The theoretical ground deformation profiles  
presented in chapter 5 indicated that wider excavations are lik e ly  to 
induce less severe bending moments and. shearing forces in - pipes buried 
in the v ic in ity  of the trench. The parametric study presented in this  
chapter is based on a soil-p ipe interaction model simulating the 
behaviour of a pipe buried near a narrow trench. Thus the parameters 
W representing the width of the trench is readily eliminated from the 
analyses. In addition due to the small magnitude of the u p lif t  forces 
at the base of a narrow excavation and th e ir minimum e ffec t on the 
ground movements, i t  is assumed that the magnitude of the induced ground 
movements is proportional to the to tal stress at rest earth pressure 
coefficient KOj (defined in chapter 5). In this way the variable KOy 
can also be eliminated from the analysis aiming to assess the in te r­
action of the soil and the buried pipe. In a ll analyses carried out 
the value of KOj is taken as 1.
The results of the parametric study presented in this chapter aim
to give a more visual picture of the influence of the d ifferen t variables
on the behaviour of the buried pipe. The comparisons made are mostly
qualitative but i t  should be emphasised that one of the main objects 
of the present study is to build up a solid base for the design pro­
cedure of chapter 7 which gives a quantitive assessment of the risk  of 
fracture of pipes buried near a trench excavation. Owing to the fac t 
that most of the results are presented in the form of bending moment 
diagrams, shear force diagrams and normal force diagrams the chapter 
includes a section presenting the co-ordinate systems with the 
corresponding sign conventions used to represent the structural forces 
induced in the buried pipes. The problem of the risk of pipe fracture  
due to trench excavations induced ground movements is then stated by 
presenting the bending moments and shear forces induced in a shallow 
buried pipe a fte r the excavation of a long narrow trench. In this  
basic problem i t  is assumed that there exists fu ll bond between the pipe 
and the retaining s o il. I t  is possible however, that the pipe and the 
retaining soil move independently at the soil-p ipe interface in a
direction paralle l to the longitudinal axis of the pipe. A model 
was developed examining the influence of in terfac ia l sliding on the 
structural forces induced in the buried pipe. In the basic problem 
i t  is also assumed that the pipe jo ints are r ig id ly  jointed and no free  
rotations or independent translations between the adjacent sections are 
allowed. A model was also developed to examine the effec t of free and 
locking jo in ts  on the structural forces induced in the buried pipe.
The above two models were especially developed in order to ju s tify  the 
models used in the basic analyses where fu ll bond between the pipe 
and the soil exists and the pipe jo ints are modelled as rig id . Using 
the above basic model, analyses were carried out to assess the influence 
of the trench depth and length on the structural forces induced in the 
buried pipe. The same model w a s  used to evaluate the influence of soil 
non-homogeneity and anisotropy.
In the basic model, i t  is assumed that the excavation is completely 
unsupported and the support is only capable of preventing collapse of 
the excavation walls. A separate model, for assessing the e ffect of the 
excavation procedure and rig id  support provision, has been developed 
and the results obtained are presented. In most analyses, i t  is assumed 
that the pipe is at shallow depth and at a small horizontal distance 
from the trench. The influence of the variation of the pipe position 
has been examined by separate analyses and the variation of the maximum 
bending moment parameter for both a homogeneous and a linearly heterogen­
eous s o il, is presented in terms of two dimensional contour maps. As 
Crofts et al (1977) have shown the magnitude of the bending moments 
induced in a buried pipe is dependent on the re la tive  stiffness of the 
soil and the pipe. Results showing the variation of the maximum bending 
moments with the re la tive  stiffness of the soil and the pipe are there­
fore presented in this chapter. -
In the present parametric study particular emphasis is placed on 
the structural response of the pipe to the release of the in -s itu  
stresses and the subsequent ground movements arising from the excavation 
of a trench. In certain cases where excavations are made alongside 
roads with heavy t r a f f ic ,  owing to the lack of efficiency of the trench 
support, additional bending moments and shearing forces may be induced 
in the buried pipe due to the passage of heavy vehicles. j\ simple 
study was therefore carried out aiming to assess the influence of surface
loading on pipes buried adjacent to excavated trenches.
The bulk of the results presented in this chapter, demonstrate 
how the structural forces in a buried pipe, vary with the d ifferen t 
variables affecting the soil-p ipe interaction. In most cases i t  is 
assumed that the control of the excavation works is poor. Two 
constructional procedures namely trench end benching and partial 
propping, aiming to reduce the structural forces in buried pipes are 
discussed and analytical results are presented. F ina lly , in the 
concluding section of this chapter, an assessment and evaluation of 
the re la tive  importance of the d ifferen t factors controlling the 
interaction of a buried pipe and the retaining s o il, arising from the 
trench excavation induced ground movements, is presented.
The parameters used fo r the presentation of the results in 
chapter 6 are not necessarily dimensionless. This suggests that the 
results presented can be effected by the units of force and length 
used in the analysis. In the present case the units o f force are :
KN (kilonewtons) and the units of-length m (metres). In the analyses 
carried out the depth of the excavation is referred to as H. However, - 
since units are important, i t  is stated that the value of H was 4 m 
in a ll analyses except in the analyses presented in section 6.6.1 where 
the excavation depth varied. In a ll analyses the value of y was 20 KN/
6.2 CO-ORDINATE SYSTEMS AND SIGN CONVENTIONS
The bulk of the results presented in this chapter are mostly 
bending moment, shear force and normal force diagrams. I t  is p artic - - 
ularly  useful therefore to define the global and local co-ordinate' 
systems and sign conversions used in the presentation. In order to 
be able to relate  d irec tly  the structural forces in the buried pipe 
to the physical dimensions of the problem. The global and local 
co-ordinate systems used for the presentation of the results are the 
same as those used in the three dimensional f in ite  element models 
( f ig . 6 .1 ). In the global co-ordinate system axis y runs along the 
longitudinal axis of the trench while in the local co-ordinate system 
axis x ‘ runs along the longitudinal axis of the pipe. The diagrams
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representing bending moments, shear forces and normal forces are 
drawn in terms of the local co-ordinate system x 'y 'z 1.
Fig. 6.1 10QAL AND QLOBAl CO-ORDINATE SYSTEMS
The positive bending moments shear forces and normal forces a t the end 
2 of a typical beam element are shown diagrammatically in f ig . 6.1.
In Fig. 6.1 the following annotation is used:
The signs of the structural (in terna l) forces in a beam element
are the same as the corresponding signs of the end forces at end 2
of the beam element.
Thus, My and Mz , are the bending moments about the y ' and z'
local co-ordinate axes respectively.
M is the torque, which in the present case happens to be
A
always zero.
P is the direct force along the pipe axis and
A
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Qy and Qz , are the shear forces in the y ' and z' directions 
respectively.
I t  should be stated that the bending moments Mz and shear forces 
Qy are caused by the tendency of the ground to move horizontally  
towards the excavation. S im ilarly the bending moments My and shear 
forces Qz are cuased by the tendency of the ground to move v e rtic a lly  
and the d irect normal forces P by the tendency of the ground to moveA
in a direction paralle l to the longitudinal axis of the trench. The 
maximum bending moments and shear forces can be evaluated by perfor- 
ing a vector addition of the bending moments and shear forces in the 
y* and z' local co-ordinate directions. I t  should be emphasised that 
terms like  'hogging' or 'sagging' moments, often used to define the 
behaviour of a beam in two dimensions are highly confusing in the
present text so they w ill be avoided.
6.3 THE BASIC PROBLEM OF FRACTURE OF BURIED PIPES IN DEFORMING SOIL
As i t  has been shown in chapter 5 the excavation of a trench 
induces vertica l and horizontal movements of the ground in the zone
of influence of the trench. These movements build up very rap id ly
near the excavation corners and they are lik e ly  to impose high bending 
strains in pipes buried adjacent to the trench. I f  these strains are 
high enough they may cause fracture of the pipe or loss of serviceab­
i l i t y .  The risk of fracture of such pipes is higher i f  they are 
already strained due to some form of 'locked in ' stresses or weakened 
by fissure corrosion.
This problem of pipe straining due to trench excavation induced 
ground movements is stated by considering the analytical results _ 
presented in fig . 6.2 to 6.4. The results were obtained.from a s o il-  
pipe interaction analysis where the trench was treated as long and 
unsupported and the soil as lin e a r-e la s tic , isotropic and incompress­
ib le . The pipe analysed was quite fle x ib le  and the re la tive  stiffness
-4of the soil and the pipe E/EpI = 10 m
where E is the e lastic  modulus of the soil
Ep is the e lastic  modulus of the pipe -
and I is the second moment of area of the pipe.
The pipe was buried at a distance 0.2 H from the excavation face 
and at a depth 0.25 H. I t  was assumed that fu ll bond existed 
between the pipe and the soil and that the pipe joints were rig id  thus 
allowing no rotations or independent translations of the adjacent pipe 
sections.
The bending moments and Mz , induced in the pipe are plotted 
as a proportion of the maximum bending moment M in f ig  6.2. I t
maX
should be stated that due to the nature of the f in ite  element model 
the bending moment diagrams consist of straight lines passed through 
the points representing the values of these moments at the nodes of 
the beam elements, as obtained in the analysis. I t  is well known 
however that these diagrams vary smoothly along the length of the 
pipeline and fo r this reason they are presented as smooth continuous
curves.
1.0 r
0.8  / - )
- 0. 6 -
D ie ta n c e  fro m  e x c a v a t io n  e n d / ,  as a p r o p o r t io n  o f  d e p th . H
F ig . 6 .2  NORMALISED BENDING MOMENTS INDUCED IN  THE BURIED P IPE .
As f ig . 6.2 shows the bending moments and Mz are of a very 
localised nature and they atta in  maximum values at the same co-ordinate 
position, which suggests that the absolute maximum moment M y , which
is the vector addition of My and Mz occur exactly at the excavation 
corner and this is in contrast to the analytical results by Crofts e t al 
(1977) where the maximum bending moments occur at a short distance from 
the trench end. However, this position reported by Crofts et al (J977) 
corresponds to the extreme case where the backfill is of the same 
stiffness as that of the original s o il. In addition, as i t  has been 
mentioned previously the f in ite  element model used herein, a r t i f ic ia l ly  
constraints the maximum bending moments to be a t one end o f the beam 
element. I t  is therefore concluded that the results of the current 
f in ite  element analysis with regard to the position of the maximum 
bending moment induced in the pipeline are in close agreement with 
those given by Crofts et al (1977).
The diagrams of the bending moments My and Mz are shown to be
very sim ilar (although of opposite signs). When the buried pipe is
forced by the retaining soil to deform la te ra lly  or v e rtic a lly , the
comparatively undisturbed soil at the excavation corner offers a
restra in t to such movements. This introduces a high positive moment
Mz and a high negative moment My at the excavation corner. I t  is
interesting to note that the maximum bending moments M induced by the
¥
vertical ground deformations, are quite high and they represent about 
70% of the maximum moments Mz induced by the horizontal ground deform­
ations. At the excavation corner the pipe is subjected to an abrupt 
.change in curvature which a lters the slope of the beam. Since at a 
certain distance from the excavation corner the ground movements tend 
to remain constant the pipe is forced to change curvature again thus, 
introducing high negative moments Mz and high positive moments My at a 
short distance from the excavations corner. For this particu lar case 
this distance is about 0.25 H. Towards the centre of the excavation 
the moments My and Mz reduce to the mimimum and provided the trench'is  
long enough they w ill reduce to zero. These bending moments also 
reduce to zero towards the negative direction.
The distribution of shear force in a loaded beam is given by the 
f i r s t  derivative of the.bending moment in the beam. Owing to the discrete 
nature of the model used the shear force diagram should id ea lly  be 
represented by straight horizontal lines covering the whole length of each 
beam element. Thus, as anticipated, this shear force diagram is
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characterised by discontinuities at the beam nodal points. For 
aesthetic reasons the shear force diagrams are represented by 
smooth curves which are also lik e ly  to be more representative of the 
true behaviour of a real pipe. The shear forces Qy and Qz shown in 
f ig . 6.3 indicate once again the restraining effect of the ground in 
the region of the end of the trench. Both shear forces are shown to 
be of a very localised nature and they decrease to zero by moving 
away from the excavation end in either direction. In this particular 
case the maximum shear force (L mov induced by the vertical ground
Z ITi a  a
deformations is re la tive ly  high and i t  represents about 70% of Q ymax* 
The maximum value of the shear forces Qy and Q'z occur at approximately 
the same co-ordinate position, which fo r this particular case is a t a 
positive distance 0.12 H from the excavation end. Of course the
maximum shear force, Qm=v, occurs at the same co-ordinate position.max
The pipe analysed in the present case was comparatively weak in 
bending. This was demonstrated by the very localised nature of the 
induced bending moments and shear forces which underlined the in a b ility  
of the pipe to redistribute them along its .len g th . As the analytical 
results in f ig . 6.4 show however the pipe is comparatively s t i f f  in 
tension or compression. Thus, the induced normal forces are not local­
ised and they seem to be of significant magnitudes at considerable 
distances away from the trench end. The normal forces are shown to be 
positive (tens ile ) in a negative direction from the excavation end and 
negative (compression) within the_excavation area. I t  is interesting  
to note that the compressive forces at the centre-line of the excava­
tion are comparatively high despite the considerable trench length.
The discussion of the results presented in this section was 
qualitative rather than quantitative. In order to build a more clear 
picture of the adverse effect of excavating a trench along a buried 
pipe an example using real quantities is presented. The case of a 
trench excavation 4 m deep by 1 m wide by 16 m long is considered. A 
5" (12.7 mm) cast iron pipe according to B.S. 78 (1961) ‘Cast iron 
spigot and socket pipes (v e rtic a ljy  cast) and spigot and socket , -—  
f it t in g s ' is buried at a distance of 0.75 m from the trench face and 
at a depth of 1 m. Representative values of pipe stiffnesses are taken
as.EA*4,x 10^ KN and El -  1 x 10  ^ KN/m .^ The soil stiffness is
4 2 . - .assumed to be E = 1 x 1 0  KN/m ; - - - - -  - - - . -
The analytical results show that the maximum structural forces 
induced in the buried pipe are:
Px max = 9-05 KN * Gy m a x " 4- 561™ • Qx n,ax = 3- 19 KN
My max = 1-97KNm Mz max = 2‘ 98 KN ra
The absolute maximum bending moment in the pipe is given by the 
maximum of the.vector addition M and Mz . Since the maximum of*M 
occurs at the same position as that of Mz * therefore
M = /m  ~ +  M max v y max z max
97 + 2.98 = 3.57 KN m
The maximum tensile or compressive bending strain in the 
buried pipe is:
Mmax x ^°*5 3.57 x 0.5 x 0.127
El 1000
-4= 2.27 x 10
The maximum tensile strain due to the normal forces is :
= Z  Max = M 1  = 2 .2 6 x 1 0 -5
EA 4x105
As these results indicate both strainseB and are comparativ­
ely small and they are unlikely to cause fa ilu re  of the buried pipe.
I t  is important to note that the value of is less than 10% of the 
value of eB. This clearly indicates that the normal forces induced in 
a pipe buried adjacent to a narrow trench excavation have a minimum 
contribution to the overall strains which are lik e ly  to increase the 
risk  of pipe fracture.
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6.4 INFLUENCE OF INTERFACE SLIPPAGE
The analytical results presented in the preceding section were 
obtained from a model where i t  was assumed that fu ll  bond exists between 
the pipe and the retaining s o il. I t  is possible however that in 
practice this assumption is not va lid . The movements of the pipe in 
the direction of its  longitudinal axis might not be compatible with the 
movements of the retaining s o il. In fact such a form of in te rfac ia l 
sliding is not unrealistic especially in the case of pipes protected 
against corrosion by weak bituminous protective coatings (G alicki and 
Rutkowski, 1967).
A three dimensional finite'element, model was developed to assess 
the influence of in te rfac ia l sliding on the induced structural forces 
in the buried pipe. -The interface element due to Goodman et al (1968) 
was introduced to model this in terfac ia l behaviour. In this element 
a shear term K$ is introduced which describes the ratio  of the shear 
force per unit length of the buried'pipe to the d iffe ren tia l movement 
between the pipe and the so il. Full bond between the pipe and the 
soil is simulated by assigning a very high value to K$ while a 
fric tion less interface is simulated by equating K$ to zero. The 
in te rfac ia l fr ic tio n  or adhesion can also be varied by assigning ifiter^  
mediate values to K$.
In the present study a range of pipes were studied each for  
various soil-p ipe shear stiffnesses K$. The results obtained gave the 
same general conclusions for the whole range with regard to the effect 
of interface slippage, on the axial forces, bending moments and shear 
forces induced in the pipe. Typical results are discussed below for  
two pipes having two extreme va’lues of e lastic  properties each being 
analysed fo r various values of Ks. One of the pipes analysed was 
comparatively fle x ib le  (i.e .-E /E p I- = 1-0 m“4) while the second one was 
comparatively s t i f f  ( i .e .  E/E_I = 0.3 m"4). The soil was treated as
r
lin e a r-e la s tic , isotropic and incompressible. The modelled pipes were 
buried at a distance 0.2 H from the excavation face and at a depth
0.25 H. Separate analyses were carried out fo r the conditions of fu ll  
slippage and fu ll bond, for each one of the two pipes. The results 
showed that there is no significant variation of the bending moments
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or shear forces in the buried pipe fo r the above conditions at the 
soil-pipe interface. The results are valid for both the s t i f fe r  and 
the more fle x ib le  pipe. The maximum difference for both the bending 
moments and shear forces for the two conditions was shown to be less 
than 3%. The diagrams of the bending moments Mz for the s t i f fe r  pipe 
are shown in f ig . 6.5. This small difference in the bending and 
shear forces fo r the conditions of fu ll  bond and fu ll sliding can be 
attributed to the in a b ility  of the pipe to move re la tive  to the 
retaining soil at its  two ends i .e .  at the rig id  boundary away from 
the excavation and at the centre-line of the trench. The normal 
forces fo r the condition of fu ll  slippage are obviously zero and the 
analytical results showed that they are sensitive to the increase of 
the value of K$. As shown in the previous section these forces are 
not of any major significance since the corresponding strains induced 
in the pipe are of very small magnitudes. I t  is apparent that the 
basic model used in the present parametric study, where fu ll bond 
between the pipe and the soil is assumed, can model sa tis fac to rily  the 
beam type behaviour of the buried pipe for a ll conditions of skin 
fr ic tio n .
< 1.
F u l l  bond
F u l l  s lip p a g e
0 .4  --
0 .2  - *
- 0 .2  - -
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6.5 INFLUENCE OF FREE AND LOCKING JOINTS
Host modern buried'pipelines are provided with fle x ib le  jo ints  
which allow independent rotations and translations of the adjacent 
pipe sections. When, due to some form of loading, these rotations 
or translations become excessive at a particular jo in t , locking of 
the jo in t occurs and the pipe at this jo ints acts lik e  a rig id  beam 
for any subsequent load increases. Flexible jo ints serve as means 
of minimising the stresses induced in the pipe due to the laying 
procedure. In addition i t  is generally believed that jointed pipe­
lines are subjected to Tower bending moments than rig id ly  jointed  
pipelines when the retaining s o il is subjected to large deformations.
A detailed examination of the effect of free and locking pipe 
jo ints was carried out by Tarzi et al (1979). .A .two dimensional • 
discontinuous model was used, sim ilar to the model used by Croft et al 
(1977). The model showed that pipelines made up of short sections are 
subjected to lower bending moments than pipelines made up of longer 
sections. The magnitude, of the i-nduced maximum bending moments was 
found to be dependent on the pipe length,the position of the pipe 
jo ints in relation  to the trench end and the re la tive  stiffness E/EpI . 
Analytical values based on the absolute possible maxima, indicated 
that bending moments can be increased by up to 36.5% when free and 
locking jo ints are used. The present study aims to investigate the 
v a lid ity  of the analytical results .obtained by Tarzi et al (1979) and 
is by no means complete. I t  is emphasised that a comprehensive study 
of this problem in three dimensions requires excessive computational 
expense. For this reason, only two cases were examined using the 
analytical model described in chapter 4, the case of a pipeline made 
up of long sections and the case of a pipeline made up of short 
sections. The re la tive  stiffness was kept constant i .e .
E/E I = 3 nr1* .
r
The case of the pipeline made up of long sections was f i r s t  
examined and the joints were in i t ia l ly  treated as free. Four d iffe ren t 
positions of the fle x ib le  jo ints in relation to the trench end were 
considered as shown in f ig . 6.6. The bending moments Mz induced in the
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position 1
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Fig. 6.6 POSITION OF PIPE JOINTS IN RELATION TO THE TRENCH END
pipe by the tendency of the ground to move horizontally for three of 
these d ifferen t cases are shown diagrammatically in f ig . 6.7 . The 
results are compared with the diagram of the bending moments Mz 
induced in a r ig id ly  jointed pipeline. The bending moments induced 
in the pipe at position 1 are shown to be s ign ifican tly  reduced in 
magnitude and this is obviously due to the presence of the free jo in t  
at the excavation corner where the maximum moments fo r a r ig id ly  
jointed pipe occur. The bending moments for pipe positions 2 and 3 
are of much higher magnitudes and in fac t the induced maximum bending 
moments for pipe position 2 are higher than in the case of the r ig id ly  
jointed ("continuous") pipe. This phenomenon can be attributed to the 
i n a b i l i t y  o f  the jointed pipeline to redistribute the induced bending 
moments, owing to the presence of the free jo in ts  where essentially  
the bending moments are zero. The analytical results also show that the 
bending moments My induced in the pipe by the tendency of the ground to 
deform v e rtic a lly , for the pipe position 2 are also higher than the 
bending moments My. reduced in the r ig id ly  jointed pipeline. The
Maximum bending moments Mmax in the buried pipe at position 2 are 
higher than the bending moments in the r ig id ly  jointed, pipeline by 
about 4%. I t  is recognised that intermediate pipe positions, 
simulated in a more refined mesh may give even higher bending moments 
and this may tend to confirm the analytical results by Tarzi et al 
(1979) that jointed pipelines might be subjected to. s ign ifican tly  
higher bending moments.
The conservative estimates of a possible increase of the maximum 
bending moments by 36.5% given by Tarzi et al (1979) was derived using 
a model in which the position o f'the pipe jo in t could easily bemoved 
re la tive  to the excavation end, which is in f in ite ly  more d if f ic u lt  to 
achieve in the present f in ite  element analysis. In addition, as 
mentioned previously the results given by Tarzi et al (1979) repres­
ented the worst possible case which corresponded to an imposed 
deformation on the pipe supported by a backfill having the same 
strength as the original s o il.
In the study of the e f fe c to f  fle x ib le  jo ints on the behaviour 
of jointed pipelines made o f long sections, locking of the jo in ts  was 
also simulated. Owing to the fact that the pipe sections were 
comparatively lengthy, the bending moments induced in the pipe a fte r  
locking of the jo ints did not exceed s ign ifican tly  the maximum bend­
ing moments induced in a r ig id ly  jointed pipeline.
An additional analysis was carried out in order to examine the 
influence of free and locking jo ints on pipelines made up of short 
sections. The position of the pipe.jo ints was kept constant as shwon 
in f ig . 6 .8 . The maximum re la tive  rotation between the adjacent pipe
sections was then calculated and i t  was found that jo in t 3 would lock
f i r s t .  Simulation of the-locking effect was then applied into the 
analytical model and an additional loading step was applied. The 
corresponding bending moment diagram is shown by curve 2 in f ig .  6.8.
Simulation of the locking of subsequent jo ints was incorporated in
a sim ilar manner. For c la r ity  only three bending moment diagrams are 
presented in f ig . 6 .8. Curves 1 and 2 have already been discussed 
while curve 3 has already been presented.in previous sections and i t  
represents the bending moments induced in a buried pipe having rig id  
jo in ts .
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The results clearly demonstrate that a free ly  jointed pipeline  
made up of short sections is subjected to much lower bending moments 
than a r ig id ly  jointed pipeline. Locking of the jo ints may increase 
sign ifican tly  the bending moments induced by a loading step.
Although this simple study of the influence of free and locking 
was short and i t  only examined some very simple cases, i t  c learly  
demonstrated that free and locking jo in ts  can a lte r  s ign ifican tly  
the bending behaviour of a buried pipe. Jointed pipelines can be 
subjected to s ign ifican tly  reduced bending moments when the pipe 
sections are short and increased bending moments when the pipe sections 
are long. Although Tarzi e t (19.79) suggested a possible increase of 
the bending moments by 36.5% when free and locking jo ints are used i t  
is believed that in practice bending moments would not be expected 
to increase by more than 10%. I t  should be emphasised, however that 
the adverse e ffec t of fle x ib le  jo in ts  on the structural performance of 
a pipe a t risk is not s ign ifican t. Most pipe fa ilures are usually 
related to older pipes which usually behave lik e  rig id  beams since 
these fle x ib le  jo ints are locked by rusting or in f ilt ra t io n  by soil 
fines (Tarzi e t al 1979; Needham and Howe 1979).
6.6 INFLUENCE OF EXCAVATION GEOMETRY
6.6.1 Excavation Depth-
I t  has been shown theoretically  in chapter 5 that the maximum 
horizontal and vertical short term movements of the excavation face of
a long trench having a constant aspect ra tio  W/H which is made in an
- 2 e la s tic , homogeneous and isotropic soil are proportional to yH or
2more precisely yH /E . I t  has also been shown analytica lly  that these 
ground movements, attain  th e ir  maximum value within a distance approx­
imately equal to 1H from the excavation end. Structural analysis 
suggests that the curvature of a loaded beam.is given by the second 
derivative of the beam deflection. - I t  .is expected therefore that the
bending moments induced in a buried pipe are related to the maximum
2ground movements which are proportional to yH /E and to the distance 
required fo r these movements to atta in  th e ir maximum value ( i .e .  
approximately 1H).; F ig. 6.9 shows a very'crude approximation of the 
horizontal deformation of a re la tiv e ly  fle x ib le  pipe buried adjacent 
to a long trench excavation fo r two d ifferen t excavation depths H-j and
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where H /H = 2. I t  is assumed that the pipe is su ffic ien tly  
fle x ib le  to follow the deformation pro file  of the ground.
Fig. 6.9 DEFORMATION PROFILES FOR FLEXIBLE PIPES BURIED ADJACENT 
TO TWO TRENCH EXCAVATIONS HAVING DEPTHS H-, AND Hg
Based on the analytical results obtained in chapter 5 the 
horizontal pipe deformation for the excavation having depth H2 w ill be 
four times as large as the horizontal movements induced by an excavat­
ion having depth H^ : ( i .e .  6  ^ = 4 6 ^ . The horizontal movements fo r the 
two excavations w ill attain  the ir maximum values within distances Hx 
and H^  respectively as shown in f ig . 6.9. I t  is very d if f ic u lt  i f  not 
impossible to derive an expression relating d irec tly  the bending 
moments in the buried pipe to the depth of an excavated long trench.
I t  was considered necessary therefore to examine the e ffec t of the 
variation of the excavation depth on the bending moments induced in a 
buried pipe by employing three dimensional f in ite  element models.
A range of re la tive  stiffnesses E/E I were examined in the
r
analyses. The excavations analysed were treated as unsupported and 
narrow and the W/H ratio  decreased proportional to 1/H which suggests 
that there was no absolute s im ila rity  between the d ifferen t models.
Some form of s im ila rity  was achieved by keeping the pipe position 
constant in re lation to the excavation depth. As expected the 
analytical results for the bending moments and Mz induced in the 
buried pipe confirmed that these bending moments are dependent on the 
excavation depth. A very crude approximation suggests that the 
maximum bending moments in the pipe
are proportional to yH1,6/E. This approximation was found to be valid  
for a reasonable range of E/EpI ratios and pipe positions. The plots in 
f ig , 6.10s 6.11 represent typical curves of the normalised bending moment 
parameter f^ ax/E I (or maximum curvature) in relation to the normalised 
parameter Hn. Curves for d iffe ren t values of n are plotted. Both 
graphs represent a re la tive  stiffness E/E I = 1 nr1*. The curves in
r
f ig . 6,10 represent a pipe position given by z /H = 0 and x /H = 0.2
r  r
while the curves in f ig . 6.11 represent a pipe position given by 
Zp/H = 0.25 Xp/H = 0.2 . I t  would seem that the best f i t  in both cases 
is given by the curve l ^ / E  I + C2 H1,6 where C-, and C2 are two
constants. As shown, these curves do not pass through the origin (0 ,0) 
and this can be attributed to the u p lif t  forces on the excavation 
bottom which are more effective in the case of more shallow trenches.
I t  is interesting to note that lin e a rity  does not exist fo r higher 
values of H. This can be attributed to the higher compression of the 
soil near the excavation corner which results in substantial red is tribu t­
ion of the bending moments as well as computational errors associated 
with the variation of the f in ite  element meshes required to model 
deeper excavations.
In the two dimensional model developed by Croftset al (1977)'the 
maximum moments in the pipe were assumed to vary lin early  with the 
magnitude of the maximum horizontal movements of the excavation face.
This assumption was specifica lly  valid in the Croftset al (1977) model 
because an absolute maximum value of the bending moment was always 
calculated by varying the trench end restra in t. However as the 
analytical results in chapter 5 show, the maximum movements build up 
approximately within a distance of 1H from the excavation end and there­
fore the variation of the end restra in t in the Crofts et al (1977) 
model seems inappropriate.
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Although the assessment of the influence of the excavation depth 
on the bending moments induced in a buried pipe, presented in this  
section relates mainly to pipes buried in homogeneous e lastic  soils  
there is a possib ility  that the soil is highly non-homogeneous. An 
analytical model was therefore examined where the soil was treated  
as lin early  heterogeneous ( i .e .  E = xz) where the excavation depth was 
varied. A typical pipe position was examined i .e .  z /H = 0.25 and
r
Xp/H = 0.2. The re la tive  stiffness at this position was E/EpI = 0.75 nr1*. 
The analytical results (see f ig . 6.12) show that the maximum bending 
moments in the pipe are approximately proportional to H0*6.
6.6 .2 LENGTH OF EXCAVATION-
The nature of the bending moments induced in a pipe buried adjacent 
to a long narrow excavation was shown diagrammatically in previous 
sections of this chapter. The present section attempts to illu s tra te  
the influence of the excavation length on the bending moments induced
rwodej
in the pipe. A three dimensional f in ite  elementj(was used fo r th is  
purpose where the excavation was treated as narrow and unsupported and
-209-
the soil as isotropic and homogeneous. The pipe was buried at a 
distance 0.2 H and at a depth 0.25 H.. The re la tive  stiffness was 
E/EpI = 1 nr1*. D ifferent excavation lengths were examined and the 
bending moments induced in the buried pipe are shown diagrammatically 
in f ig . 6 . 1 3  and f ig . 6 . 1 4 .
The bending moments Mz , shown in f ig . 6.13 are due to the 
tendency of the ground to deform horizontally. For a small excavation 
length ( i .e .  L/H = 1.0) i t  is shown that the maximum bending moment 
is negative and i t  occurs within the excavation zone. The other 
maximum which occurs at the end of the excavation is positive and has 
a much lower value. As L/H is increased the magnitude of the maximum 
bending moment within the excavation is reduced while that at the end 
of the excavation is increased. Thus for reasonably large values of 
L/H the maximum bending moment is positive and occurs at the end of the 
excavation. However the maximum bending moment reaches a lim iting  
value at about L/H = 3. Further increase in L/H yields practica lly  
the same maximum bending moments in the pipe. This lim iting value is 
very s lig h tly  smaller than the maximum negative moment obtained whith­
in the excavation for the case L/H = 1.0.
The picture is very sim ilar in the case of the bending moments 
My induced in the pipe by the tendency of the ground to deform v e rtic a lly  
However, even for a small trench length the maximum bending moment 
within the excavation is positive and is much lower than the other 
maximum which is a negative bending moment at the end of the excavat­
ion. This negative maximum bending moment at the end of the trench 
increases (in  absolute term) as the length of the trench increases 
from L/H = 1 ,  reaching a constant lim iting  value at L/H = 3 .
A simple calculation indicates that the maximum bending moment 
on a pipe Mmax, buried adjacent to a short excavation is not s ig n ific ­
antly lower than the maximum bending moment due to a longer excavation 
and this observation is very important in assessing the influence of 
the constructional procedure. I t  would seem that at least in the 
present case, the bending moment on a buried pipe w ill not reduce 
s ign ifican tly  even i f  the trench is excavated in short bays of length 
equal to H.
-210-
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The bending moments induced in a buried pipe also depend on the
re la tive  stiffness of the soil and the pipe i .e .  on th e .ra tio  E/EpI .
In order to investigate this effect a further set of analyses was 
done using a pipe having E/EDI = 10 ssr1* which is more fle x ib le  than 
the pipe reported above. The results are summarised in f ig . 6.15.
The peak positive bending moment obtained at the end of the
excavation and the peak negative bending moment M obtained within 
the excavation are plotted against L/H. I t  is clear in this case 
that the peak negative value of M due to a short trench is not much 
higher than the peak negative value for a longer trench. I t  is 
interesting to note that for short lengths the absolute negative 
moments Mz are much higher than the positive moments, while for 
more lengthy excavations the maximum positive moments are considerably 
higher than the absolute maximum negative bending moments.
peak positive
peak negative
- 1 . 0
Fig. 6.15 v a r ia t io n  o f  p e a k c\?a l u e s  o f m £  w?th  l e n g t h  o f p t r e n c h .
o f  depth ,
OFLENGTH
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6.7 INFLUENCE OF CROSS-ANISOTROPY
The analytical results presented in chapter 5, showed that the 
ground movements induced by a trench excavation made in an isotropic 
soil are higher than the ground movements induced by a trench made in 
a cross-anisotropic s o il. In addition the deformation gradients of 
the vertical and horizontal movements near the excavation corners were 
shown to be higher fo r the isotropic case than for the cross-anisotropic 
cases. These results were obtained.on the assumption, that the in -s itu  
stresses remain the same for both the isotropic and cross-anisotropic 
so ils . I t  was evident from these results that a small diameter pipe 
which is quite fle x ib le  in bending is subjected to higher moments when 
buried in an isotropic soil rather than when buried in .a  cross-aniso- 
tropic s o il. There was no evidence however, that this conclusion is 
valid in the case of a more rig id  pipe, which is capable of red is tribu t­
ing any induced bending moments. For this reason, a more rig id  pipe
i .e .  E /E I = 0.1 nr1* was simulated in a f in ite  element model and the 
effect of anisotropy on the induced bending moment was examined.
Two degrees of anisotropy were examined in addition to the 
isotropic case. The relevant e lastic  constants were as follows:
Gyu l Em
( i )  isotropic s o il, m = T—  = 4  and n = - r -  = 1
V J V
( i i )  cross-anisotropy s o il, m = ^  and n = 1
and ( i i i )  cross-anisotropic s o il , m = and n = 2.
The analytical results of the induced bending moments are shown 
in f ig . 6.1 6 and f ig . 6.17. The curves in f ig . 6.16 show that a pipe 
buried in an isotropic soil is subjected to considerably higher 
bending moments Mz than a pipe buried in a cross-anisotropic s o il.
The increase of the value of m from 1/3 to 1/2 results in a noticeable 
reduction of the bending moments Mz. When the value of n is increased 
from 1 to 2 the reduction in the bending moments Mz is more severe.
This reflects the effect of the increase of the horizontal ground 
stiffness in relation to the vertical ground stiffness as n is increased 
from the value of 1. I t  therefore results in substantial reduction of
X
r O
Co•I—
4-5
5-o
CLo%-
Cl
ra
tofO
N
4->c<L>
Eo
CT>e'r—-asz<L>
CQ
Fig.
-173
1/ 2 -
1/2
0. 8
0.6
0. 4 -
- 0 .2  -
- 0 .  4 -
- 0 .6  ■ -
Dietanoe from exoavation end/y a e a  proportion of depth, ^
6 .1 6  EFFECT OF ANISOTROPY ON THE BENDING MOMENTS INDUCED IN  THE BURIED P IPE
x
r e
_E
*4—O
EO
i-OQ_O
S-
CL
r e
t ore
4->caj
Eo
E
c ne
•r—*UEd)
CQ
1 /3  —  
4 /2 —  
-1/2 --------------
0. 6 ■-
0 .4  J-
0. 2 -
- 0. 2 -
- 0.6  • -
Distance from excavation end,^ as a proportion of depth, H
ig .  6 .17 . EFFECT 0F anisotropy on the bending moments induced in  the buried p ip e
- 2 1 4 -
the bending moments induced in the buried pipe, fo r the anisotropic 
case which is associated with a smaller horizontal ground deformation.
The curves representing the bending moments induced in the pipe 
by the tendency of the ground to deform v e rtica lly  (My) for d iffe ren t 
degrees of anisotropy are shown in f ig . 6.17. Clearly the variation of 
the bending moments My with the d ifferen t degrees of anisotropy is 
insignificant and this is obviousy due to the fact that the vertical 
stiffness retains the same value in a ll cases. For~a. given value of Ey 
and Epj Ev »anisotropy generally reduces the bending moments in pipes 
buried adjacent to trench excavations. I t  must be explained however 
that the analyses were for cases where Ko-j. = 1. In cases where 
anisotropy arises as a result of overconsolidation the horizontal 
stresses are usually higher than the vertical stresses and the value 
o f. Koy is lik e ly  to be greater than 1. Therefore in -real l i f e  bending 
moments in pipes buried in anisotropic soils might be of the same or 
even higher magnitudes than the bending moments associated with 
isotropic soils having the same Ey.
i '
6.8 INFLUENCE OF EXCAVATION PROCEDURE
Mechanical excavations are extensively used in the excavation 
of trenches. The trenches are usually excavated to fu ll depth and 
support provision is delayed until a considerable length of trench 
has been excavated. In many occasions support is provided for the 
whole length of trench up to the advancing excavation face. Support 
of up to the advancing excavation face is more often provided at the 
end of a working day in order to prevent collapse of the trench walls 
at night time. The diagrams of the bending moments My and Mz in the 
region of the advancing end for a typical pipe are mirror images of the 
bending moment diagrams given in f ig . 6 .2 . Obviously the exact 
specification of these diagrams depends on many factors as discussed 
in previous sections of this chapter. After application of effective  
support to the sides of the excavation, provided the support is r ig id  
enough and in good contact with the trench walls, since no s ign ificant 
additional ground movements are allowed, freezing of the existing bending 
moments in the pipe is achieved. After the excavation works re s ta rt, 
owing to the release of the in -s itu  stresses additional ground movements
-215-
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tend to take place which may introduce additional moments in the pipe.
This problem was examined analytica lly  in two steps using a three 
dimensional f in ite  element model. The pipe lay at a distance 0.2 H 
from the excavation face and a depth 0.25 H. I t  was a re la tiv e ly  
fle x ib le  pipe i .e .  E/EpI = 10 m~V The bending moments Mz induced in 
the pipe due to an unsupported excavation of length L are shown 
diagrammatically in f ig . 6.18. After support was provided9 i t  was 
assumed that these bending moments were "frozen" in the pipe. The 
second step of the analysis consisted of applying a closely spaced 
rig id  support, having in fin ite  stiffness to the walls of the excavated 
trench and releasing the in -s itu  stresses due to an additional trench 
excavation length L. The to ta l bending moments M induced in the pipe 
afte r these two analytical steps are shown by the dotted lin e  in 
f ig . 6.18. I t  is evident that effective support provision fo r the 
fu ll length of the trench may result in doubling the bending moments 
induced in the pipe in the region of the advancing end of the f i r s t
gid support)Bay Bay 2
.6
. 2
excavation of bay 2excavation of bay 1
0 .8
0 .4
0
0 . 4
0.8
. 2
Deformation p ro file  of pipe 
Fig. 6.18 INFLUENCE OF SUPPORT SYSTEM ON BENDING MOMENTS M. 6
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excavation face. This phenomenon can be explained more easily by 
considering the sketch showing the deformed shape of the pipe in the 
horizontal direction a fte r the second excavation face. Thus i t  can 
be easily seen that the curvature of the pipe in the region where the 
maximum moments occur is very high owing to the local constraining 
effect of the rig id  support.
I t  is evident that the high moments induced in the pipe due to 
this e ffec t can be minimised in a variety of ways. A convenient 
method is to provide no support within a certain distance (say 1 H) 
from the excavation advancing end. As was shown in chapter 5 the 
maximum horizontal end vertical ground movements atta in  th e ir  
maximum values approximately within a distance 1 H from the excavat­
ion end. I t  would be expected therefore in such a way the curvature 
induced in the pipe w ill be negligible and the method of propping 
i ts e lf  w ill not result in higher moments than those associated with a 
long unsupported trench. This method presents problems however, since
lack of support provision near the trench end may lead to collapse of
the trench walls. This possib ility  is more valid especially where 
considerable time elapses between the d ifferen t excavation stages.
Another method of reducing the moments induced in the pipe by 
constructional procedure i ts e lf  is to apply a more fle x ib le  support 
system in the region of the trench end. In this way, when a new 
trench bay is excavated the support system acts lik e  a fle x ib le  
constraint rather than a rig id  constraint and the induced curvatures
in the pipe are expected to be much lower.
Another P o etica l way of tackling this problem is to use hydraulic 
struts along the whole length of the trench. Just before commence­
ment of the excavation works for a new trench bay the hydraulic pressure 
can be reduced and in this way the propping system maintains its  a b ility  
to prevent collapse of the walls and at the same time i t  is more 
f le x ib le .
-217-
6.8.1 partial Propping
The effec t of the excavation procedure and provision of support 
to the sides on a trench excavation was discussed b rie fly  above. I f  
rig id  props are provided up to the excavation end then the maximum 
bending moment may be doubled i f  the excavation is .resumed with props 
fu lly  in place. Various procedures were suggested to avoid any 
increase of th is maximum bending moment. Such a procedure is partia l 
propping where support is provided to the sides of the trench within  
a certain distance away from the trench advancing end. However this  
problem is of su ffic ien t importance to warrant further discussion.
The analyses carried out in the present study e^pe.based on the 
assumption that the soil is a linear elastic  m aterial. The assumption 
of linear e la s tic ity  may be considered satisfactory in the short term.
I t  is known that soils are generally subject to additional time 
dependent deformations under loading, which suggests that some form of 
reduction in the soil stiffness takes place in the region of influence 
of the trench. When the trench is  fu lly  propped (rig id  support), 
theoretically  there should be no increase of the bending moments in the 
buried pipe because no additional movements are allowed. In the case 
of partia l propping the short unsupported length of trench near the 
excavation advancing end (say equal to 1 H) is allowed to deform free ly  
and this may lead to an increase of the bending moments in the pipe.
I t  also appears that this could be a dangerous procedure especially i f  
the trench is to be le f t  open for a considerable length of time or even 
overnight since collapse of the trench walls can prove to be disastrous 
for the buried pipe. I t  is therefore recommended.that supports are 
provided for the fu ll length of trench and subsequently removed up to 
a distance equal to 1 H from the trench end when the length of excavat­
ion is to be increased further. Use of temporary hydraulic supports 
which can be installed  and removed quickly is in this case advantageous.
6 .8 .2 . Trench End Benching
As shown in chapter 5 when the advancing end of a trench is 
excavated in a sloping manner the deformation gradients of the ground 
in the region of influence of the trench are considerably reduced.
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The present study aims to give a d irect assessment of the influence 
of trench end bencfiinQon The bending moments induced in the buried 
pipe. An analytical model was used sim ilar to the one described in 
section 5.9 of chapter 5. The soil.was treated as isotropic, linear 
elastic  and homogeneous. The pipe examined was re la tive ly  s t i f f  with 
E/EpI = 0.3 nr1*. I t  was buried at a. depth 0.25 H and at distance 0.2 H 
from the excavation face. The angle of bending, eb defined in chapter 
5 as the angle between the end face.of the excavation and the horizontal 
was assigned three d ifferen t values i .e .  = 90°, = 4 5 ° and = 34°
The f i r s t  value corresponds to the basic problem where the trench end 
face is completely ve rtica l.
The analytical results of the bending moments M and Mz induced 
in the pipe fo r these three d ifferen t cases, are shown diagrammatically 
in f ig . 6.19 and f ig . 6.20. I t  is interesting to note that the maximum 
bending moments Mz are reduced by. more than 20% when 0  ^ = 45° and more 
than 35% when = 34°. A noticeable reduction o f the bending moments 
My is also observed. As the diagrams in f ig . 6.19 and f ig . 6.20 show 
benching does not only result in substantial reduction of the bend­
ing moments but i t  also shifts the position on the pipe where the peak 
values of Mz and My occur. I t  seems that the position on the pipe where 
these peak values occur is dependent on the angle of benching and the 
position of the pipe in relation to the trench.
Trench end benching shows considerable promise-in-reducing the 
bending moments induced in a buried pipe. I t  must be emphasised how­
ever that this is a more expensive type of contruction than the 
construction of trenches with vertical ends.
6.9 INFLUENCE OF THE RELATIVE STIFFNESS E/E I
In the discontinous model developed by Crofts et al (1977) the 
buried pipe was treated as a beam on e lastic  foundations. In such a 
case, when the e lastic  foundation of the buried beam is subjected to 
a given displacement over the length of the excavation, the bending 
moment in the pipe is proportional to
where E is the elastic modulus of the foundation
E^  is the e lastic  modulus of the beam
and I is the second moment of area of the beam about the 
axis of bending.
This discontinuous model however d iffers  in many aspects from 
the three dimensional model used in the present work. The major 
differences arise basically due to the in a b ility  of the discontinuous 
model to simulate adequately the soil-pipe interaction and the correct 
loading imposed on the model due to the r e l ie f  of the soil in -s itu  
stresses.
The influence of the re la tive  stiffness E/EpI on the bending 
moments induced in the pipe by adjacent trench excavations was there­
fore studied using a three dimensional model. The cases of a homo­
geneous and a lin early  heterogeneous soil were examined separately.
The pipe postion was fixed i .e .  Xp/H = 0.2 and z^/H = 0.25.
In the case of the homogeneous soil the soil stiffness was 
kept constant and the pipe stiffness was varied from a very small 
value to a very high value. The following values of re la tive  s t i f f ­
ness were examined E/EpI = 50, 10, 1, 0 .1 , 0.005 nr4. The deformation 
profiles in the horizontal direction of the pipes described by the 
above re la tive  stiffness, are shown diagrammatical^ in f ig . 6.21.
The deformed shapes of re la tive ly  fle x ib le  pipes follow the deformed 
shape of the ground. As the pipe stiffness increases owing to the 
interaction between the pipe and the s o il, the curvatures within the 
pipe tend to decrease and the deformed shape o f the pipe changes ~ 
s ign ifican tly . I t  is interesting to note that provided the trench is 
long enough the horizontal movements of the pipe near the centre-line  
of the trench are independent of the re la tive  stiffness and they atta in  
the same value.this being equal to the corresponding displacement of 
the trench without a pipe. However, i f  the pipe is very s t i f f ,  say 
E/EpI = 0.005 nr1* a very long excavation is needed, so that the 
horizontal pipe movement away from the excavation corner attains the 
same value as the corresponding movement of more fle x ib le  pipes.
1 2 
6 .2 1  D is ta n c e  fro m  e x c a v a t io n  end ,-£y  ae  a p r o p o r t io n  o f  d e p th , ^ 
INFLUENCE OF E/£  j  ON THE THE DEFORMATION PATTERN OF THE BURIED P IP E
The interaction between the pipe and the soil is  demonstrated 
more clearly by the diagrams representing the normalised bending 
moments and Mz shown in f ig . 6.22 and f ig . 6.23. For more fle x ib le  
pipes the induced bending moments are more localised. They atta in  
maximum values near the excavation corners and they reduce very 
rapidly with distance from the excavation corner. The increase of the 
stiffness of the pipe gives rise to substantial bending moment 
redistribution. This results in significant variation of the bending 
moment diagrams and s h ift of the position.on the pipe where the 
maximum bending moment occurs (see f ig . 6 .23).
As the results in f ig . 6.22 to f ig . 6.23 demonstrate, the bend­
ing moments induced in a buried pipe are considerably affected by the 
ra tio  of the soil stiffness over the pipe stiffness. The graphs 
presented in f ig . 6.24 relate the bending moment parameter (or curvature) 
M V/E_I to the re la tive  stiffness parameter (E /E „I)n for the stiffnessJ W  p P
ratios described before. The graphs are presented in a normalised form
Be
nd
in
g 
mo
me
nt 
M.^
as
 
a 
pr
op
or
tio
n 
of 
M 
ma
x 
Be
nd
in
g 
mo
me
nt 
Mv 
as 
a 
pr
op
or
tio
n 
of 
M
0 .8  ■ -
X<o£
0. 4 •- 0.005
Fig. 6.22
D is ta n c e  fro m  e x c a v a t io n  ei
INFLUENCE OF(Z/£  ON THE L
r o p o r t io nt i  nd, as a p  o f  d e p th , n
D ISTR IB U TIO N  OF BENDING MOMENTS IN  THE P IP E
0.005
-1
Fig. 6.23 Q
D is ta n c e  fro m  e x c a v a t io n  end.-^y ae  a p r o p o r t io n  o f  d e p th , H
INFLUENCE 0F (£ /E  l)0N  THE D ISTR IB U TIO N  OF BENDING MOMENTS IN  THE P IPE . 
P
-223-
and they cover a range of values of n. As shown, the graph for n = 0.4 
seems to be approximately a straight line for a reasonable range of 
re la tive  stiffnesses. I t  can be argued therefore that for this range 
the curvature induced in a pipe buried adjacent to a trench excavation 
is proportional to
f j■ P ■
0-L
The choice of the value of 0.4 for the exponent appears appropriate 
in view of the results obtained in section 6 where the curvature in the 
pipe was found to be approximately proportional to H1*6 fo r a homo­
geneous s o il. A combination of the two results gives
J L  = A ko ^ lo6I^ T  A T* X  *
E
• P •
0 • if
(A being a dimensionless constant) which expression is dimensionally 
correct. I t  must be recognised however that for very fle x ib le  pipes 
where the value of the re la tive  stiffness is high the relationship
M
is not s tr ic t ly  valid as shown in f ig . 6.24. In such a case the pipe 
behaves lik e  a string which is practica lly  unable to o ffer any res is t­
ance to deformation and w ill hence follow the deformed shape of the 
ground. This e ffec t is also shown diagrammatically in f ig . 6.25 where 
the curvatures induced in typical cast iron pipes buried in re la t iv ­
ely soft so ils , are plotted against the pipe diameter. I t  is obvious 
that for small pipe diameters the induced curvatures are smaller than 
expected.
The results presented so fa r in this section relate specifica lly  
to pipes buried in homogeneous so ils . The influence of the re la tive  
stiffness on the bending moments induced in pipes buried in lin early  
heterogeneous so ils , was examined analy tica lly  by keeping the pipe 
position and the soil stiffness profiles constant and varying the pipe 
stiffness. The pipe position was the same as in the case, of the homo­
geneous s o il. The assessment was in terms of the re la tive  stiffness  
at the depth of pipe buria l. The relationship between the pipe
-224-
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curvature Mmax/E pI and Relative stiffness parameter (Azp/EpI )  is shown 
in f ig . 6.26. Similar to the homogeneous material a value of n = 0.4  
seems to give a reasonably straight lime. As a crude approximation i t  
can be assumed that the curvature in the buried pipe is proportional 
to
y J
6.10 VARIATION OF BENDING MOMENTS INDUCED IN THE BURIED PIPE 
WITH PIPE POSITION
I t  has been shown previously that the bending moments induced in 
a buried pipe by an adjacent long trench excavation are related to the 
depth of the excavation and the re la tive  stiffness of the soil and 
the pipe. A very important factor governing the magnitude of the " 
bending moments induced in the pipe is the pipe position in relation  
to the trench. Both the horizontal distance of the pipe from the 
excavation face and the depth of burial a ffect s ign ifican tly  the induced 
bending moments. This e ffect was examined an aly tica lly  by employing 
a three dimensional model. The cases of a homogeneous and a lin e a rly  
heterogeneous soil were examined separately.
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In the case of the homogeneous soil the re la tive  stiffness was
E/EpI = 0.3 m~k and this represents a re la tive ly  s t i f f  pipe.
D ifferent pipe positions were examined and the variation of the 
maximum bending moments parameters (or curvatures) Mmax/£p l and 
Mz max/ EpI is shown by the contour maps in f ig . 6.27 and f ig . 6.28.
I t  is evident that the bending moments M are not s ign ifican tly  
affected by the depth of pipe burial as the bending moments My . As 
shown in chapter 5 the horizontal deformations of the face of an 
excavation made in a homogeneous soil remain approximately constant 
for a considerable depth. The contours in f ig . 6.28 therefore 
indicate that there is a relationship between these deformation
profiles and the pipe curvatures Mz/E I .  This is also confirmed by
the contours of curvatures M /E I which seem to vary in a sim ilar
w r
manner as the vertical movements of the ground retaining the buried
pipe. Since the bending moments My and Mz are d irectly  proportional
to the corresponding curvatures, the contour maps in f ig . 6 .27 and f ig .
6.28 give a d irect indication of how these moments vary with the pipe 
position. I t  is interesting to note that when the pipe is buried at 
distances longer than 2 H from the excavation face, the induced bend­
ing moments are negligible.
The case of a linearly heterogeneous soil ( i .e .  E = x ) was also 
examined. The pipe stiffness was kept constant and d iffe ren t pipe posit­
ions were examined. I t  is evident that the ra tio  of the soil stiffness  
over the pipe stiffness at these d ifferen t pipe positions varies with 
the depth of pipe buria l. The bending moment parameters My max/EpI anc*
Mz TOX/E I for the d ifferen t pipe positions are plotted in the 
form of contour maps as shown in f ig . 6 .29  and f ig . 680 . These maps
\n povffeni
are shown to be very similar^to the corresponding maps fo r the homo­
geneous s o il. I t  should be stressed however that these contours of 
curvature are related specifica lly  to the stiffness of the pipe 
examined and the variation of soil stiffness with depth. I t  would be 
inappropriate therefore to use these maps to predict the bending 
moments in pipes having d ifferen t stiffnesses and buried in d iffe ren t 
so ils .
-227-
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A qualitative examination of the contours representing the 
curvatures of pipes buried in homogeneous and lin early  heterogeneous 
so ils , indicates that the bending moments induced in pipes buried at 
distances longer than 2 H and at depths below the trench base, are 
very small.
6.11 SURFACE LOADING
Most trench excavations usually take place in urban areas and 
in a large number of cases the open trenches ^  parallel to road lanes 
with heavy t r a f f ic .  In the case of pipelines buried adjacent to these 
trenches owing to the lack of la tera l ground constraint, additional 
bending moments and shearing forces may be introduced due to the 
passage of heavy vehicles. I f  the pipe is already strained this e ffect 
may be su ffic ien t to cause structural fa ilu re  of the buried pipe.
The influence of surface loading on buried pipelines was studied 
extensively by Pearson (1977). He presented sim plified formulae based 
on the theory of e la s tic ity  which'can be used to calculate the bending 
moments and shear forces in buried pipelines. Pearson (1977) derived 
his formulae on the assumption that the soil layer retaining the buried 
pipe has in fin ite  dimensions in a horizontal plane. I t  is obvious that 
in the case of a cutting made adjacent to a buried pipe the above 
formulae are not valid due to the re la tive  weakening of the ground on 
the side of the excavation. Further investigation into the problem is 
therefore required using analytical models.
The present study aims to give an assessment of the influence of 
surface loading on the structural performance of a pipe buried adjacent 
to a trench excavation. The comparisons made are qualitative rather 
than quantitative. These comparisons are carried out in terms of the 
maximum bending moments and shearing forces induced in the buried pipe 
by the variation of the position of a point load at ground surface.
In the model used the pipe lay at a distance 0.2 H from the excavation 
face and at a depth 0.25 H. The soil was treated as isotropic, lin ear  
elastic  and incompressible. The ra tio  of the pipe to the soil siffness 
was E/E I = 0 .3  nr1* and this represented a re la tiv e ly  s t i f f  pipe. The
r
excavation was treated as completely unsupported. The f in ite  elements
, . . . . .  .uuu  v*\-u»uy mi m e  v e r c i c a I  
direction. The position of the point load was varied along lines 
1, 2, 3 and 4 as shown in f ig . 6.31.
The bending moments induced in a buried pipe due to the action 
of a point load at position P and ?2 (see f ig . 6.31) a t ground surface 
are shown in f ig . 6.32. The bending moments My and M£ caused by the 
point Toad seem to be of a very localised nature and they are caused 
by the tendency of the pipe to displace away from the point of 
application of the loading. These moments are denoted as positive when 
the pipe tends to deflect in a positive vertical direction (My) and 
negative when the pipe tends to deflect horizontally towards the 
excavation (Mz). Considering the two loading cases shown in f ig . 6.32 
i t  is clear that the bending moments Mz at position P^  are much higher 
than the corresponding moments at position ?i and this is obviously 
due to the higher f le x ib i l i ty  of the ground within the region of 
influence of the excavation. The difference in the bending moments 
My for the two loading positions is not as high as in the case of 
moments Mz and this can be attributed to the higher resistance of the 
ground to the deflection of the pipe in. the vertical direction.
»-4 .
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The curves in f ig . 6.33 and f ig . 6.34 represent the variation of 
the maximum bending moment parameters My max/EpI  and Mz max/E pI ( i .e .  
the pipe curvatures in the xz and xy planes respectively) with the 
position of the surface point load. As might be expected in tu it iv e ly  
the maximum bending moments My are much higher in magnitude when the 
point load is applied along, line  L ( i .e .  on top of the pipe) than when
applied along lines.L and L . In a ll cases due to the reasons
2  3
discussed previously, there is a s light increase of the bending moment 
My as the point load moves from the. undisturned region to the regions 
of influence of the excavation.. Any change in My seems to take place 
in the region of the trench end and the moments remain constant for 
the biggest part of the trench length.
The variation of the bending moments M£ seems to be of a very 
sim ilar nature. However the bending moments Mz caused by moving the
point load along lin e  are higher than the corresponding moments
when the point load moves along lin e  L . This is obviously due to the 
tendency of the pipe to deflect away from the point of application of 
the load. I t  is interesting to note that in a ll cases the bending
moments Mz are comparatively higher when the point load is within the
excavation zone rather than when i t  is in the undisturbed zone. This 
denotes th.§t the e ffec t of the weakening of the ground in the horizontal 
direction is more severe than in the vertical direction.
The maximum shear forces in the buried pipe induced by a surface 
point load moving along lines L , L2 and l_3 is shown in f ig . 6.35 and 
f ig . 6.36. As in the case of bending moments My, the shear forces Qz 
caused by the tendency of the ground to deflect v e rtic a lly , increase 
only shlightly as the vehicle moves from the undisturbed zone to the 
zone of the excavation. The increase is more significant in the case 
of the shear forces Qy. These shear forces increase substantially when 
the surface load is near the excavation corner and they drop as the 
point load moves along the trench within the excavation zone. This 
denotes some form of constraint offered by the excavation corner to 
the la tera l movement.of the pipe.
A separate analysis carried out using the same f in ite  element 
model with a more fle x ib le  pipe ( i .e .  E/EpI = 3 m”1*) yielded q u a lita t­
ively sim ilar results. In a ll cases both the bending and shear forces
-232-
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increased more considerably as the point load was moved in the region 
of influence of the excavation.
The results presented in f ig . 6.33 to f ig . 6.36 denote that 
surface loading adjacent to a trench construction can have more severe 
consequences on a pipe buried adjacent to the trench, than when the 
loaded soil medium is in the undisturbed state. I t  is recognised 
that the comparisons made are purely q u a lita tive . The significance 
of these results should not be underestimated however since surface 
loading may impose additional strains enough to cause fracture of the 
pipe, not only when a trench is excavated paralle l to .a buried pipe, 
but even when the soil is in the undisturbed state (Needham and Howe^  
1979). In particu lar, the case of vehicle dynamic loading may have 
more serious consequences than is anticipated on a pipe buried 
adjacent to an unsupported trench excavation.
6.12 A SUMMARY OF THE FACTORS AFFECTING THE BEHAVIOUR OF BURIED 
PIPES IN DEFORMING SOIL
As the analytical results presented in the current chapter 
demonstrated, the excavation of a trench parallel to a buried pipeline 
may introduce high bending moments in the pipe in the regions of the 
trench ends where the ground deformation gradients in the horizontal 
and vertical directions are high. I t  was also shown that the shear 
forces induced in the pipe are also high, but the possib ility  of a 
shear fa ilu re  of a pipe must be regarded as very remote. Although the 
normal forces induced in the pipe can be of s ignificant magnitudes, 
the corresponding tensile or compressive strains introduced in the pipe 
are generally comparatively much, lower in magnitude than the strains 
induced by the bending moments.
In the basic model of this soil-pipe interaction problem i t  was 
assumed that there is no slippage between the pipe and the s o il. The 
possib ility  of fu ll or partia l slippage exists however and for this  
reason an analysis was carried out to determine the influence of in te r­
face slippage on the structural forces induced in the pipe. This 
analysis has shown that interface slippage does not a ffec t s ign ifican tly  
the bending and shear forces induced in the pipe. The maximum bending
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moments in the pipe for the conditions of fu ll slippage and fu ll bond 
were shown to d iffe r  by less than 3%.. I t  is therefore concluded that 
an adequate solution is obtained by assuming fu ll bond between the 
pipe and the so il.
In the basic model, the buried pipe was treated as r ig id ly  
jo inted. However analysis carried out by Tarzi e t a !  (1979) has shown 
that the structural performance.of a buried pipe can be s ign ifican tly  
affected when pipelines are jointed using fle x ib le  jo in ts . A simple 
analysis carried out, indicated that the bending moments induced in a 
pipe may increase or decrease when the effect of free and locking jo in ts  
is simulated in the analysis. Short pipe sections are associated with 
lower bending moments, while in the case of pipelines made up of longer 
sections the induced pending moments may be higher than in the case of 
r ig id ly  jointed pipelines. When assessing the adverse effec t of the 
fle x ib le  jo in ts  on pipelines buried adjacent.to trench excavations, i t  
can be said with reasonable confidence that this effect is negligible  
in the case of older pipelines where the jo ints were stiffened by soil 
in f ilt ra t io n  or rusting. This adverse effect is lik e ly  to be more 
severe in the case of newly layed pipelines, but s t i l l  the role of 
fle x ib le  jo ints should not be exaggerated since newly layed pipelines 
seldom f a i l .
The maximum ground movements induced by a long unsupported trench 
are dependent on the depth of the excavation and as shown theoretically  
in chapter 5 are proportional to yH2 when the excavation is made in a 
homogeneous so il. However as analyses has shown, the bending moments 
induced in a buried pipe are not proportional to these maximum ground 
deformations. The induced bending moments were found to be approximat­
ely proportional to yH 1* 6 when the soil is homogeneous and proportional 
to yH0 * 6 when the soil stiffness varies lin early  with depth ( i .e .
E = * z ) .
As the analytical results indicated, the bending moments induced 
in a pipe by an adjacent trench excavation are maximum when the excav­
ation is long. I t  was also shown that the bending moments associated 
with short excavations are significant and an attempt to excavate a 
trench in small bays may not result in a substantial decrease of the 
induced bending moments.
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In the present study the degree of anisotropy o f a soil is 
defined by the parameters
m = >  . EH
V and ’Ey '
As analyses have shown an increase of the values of m and n results 
in significant reduction of the bending moments induced in the buried 
pipe, compared with the bending moments for a pipe buried in a homo­
geneous s o il. I t  is noted however that the in -s itu  stresses were 
assumed to be the same fo r a ll d iffe ren t degrees of anisotropy and 
this might not be a very re a lis tic  assumption. The degree of aniso­
tropy is d irec tly  related to the stress h istory.of the soil and the 
at rest earth pressure coeffic ient Ko is expected to increase with, the 
values of m and n. I t  is not evident therefore whether anisotropy 
reduces s ign ifican tly  the bending moments induced in a buried pipe.
As the analytical results in section 6,6 .2 have indicated that 
maximum bending moments induced in a buried pipe are not s ign ifican tly  
reduced unless the trench is excavated in very small bays. Such a 
procedure is not very practical and i t  may prove to be very expensive 
and slow. A practical way of reducing the bending moments in the pipe 
is trench end bending. Thus, as shown in section 6.8 .2 when the 
trench end is excavated at an inclination of 45° with the horizontal 
the maximum bending moments may be reduced by more than 20% while i f  
this inclination is reduced to 34° the maximum moments may reduce by 
35%. Although this construction technique may be associated with 
constructional d iff ic u lt ie s , i t  may prove beneficial when applied to 
the case of a pipe which is considered to be at high risk . As shown 
in section 6.8 the support provision i ts e lf  may y ie ld  additional 
moments at the advancing end of an excavation. Thus provided the support 
is rig id  enough, i t  may act as a rig id  constraint which may approximately 
double the induced bending moments in the pipe. I t  seems advisable 
to provide a more fle x ib le  support system in the region of the advancing 
end or provide no support at a ll i f  collapse of the wall in the v ic in ity  
of the trench end is unlikely to occur.
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The re la tive  stiffness E/E I was shown to be one of the most
r
important factors governing the bending behaviour of pipes in 
deforming s o il. The curvatures induced in a pipe.were shown to 
increase very rapidly as the diameter of a typical pipe decreases.
As shown diagrammatically in section.-6.9.the re la tive  stiffness E/EpI 
is the governing factor of the soil-p ipe interaction. I t  can a ffec t 
sign ifican tly  the distribution of bending moments in the pipe and i t  
can also s h ift the position in the pipe where the maximum bending 
moment occurs. Furthermore a low re la tive  stiffness may result in 
substantial reduction of the ground deformations in the v ic in ity  of 
the trench end. A very crude approximation suggests that the curv­
atures induced in the pipe by adjacent trench excavations are approxi­
mately proportional to (E/E I ) ° ' k.
r
A short, purely qualitative  study was carried out to evaluate 
the influence of surface loading on the behaviour of buried pipes.
This indicated that a substantial increase in bending moment may be 
induced by the surface loading when applied in the v ic in ity  of the 
trench. Thus in the case of excavations made adjacent to road lanes 
with heavy t r a f f ic  i t  is expected that the passage of heavy goods 
vehicles may increase the risk of fracture of a pipe buried adjacent 
to the trench.
The studies of the soil-pipe interaction presented in chapter 6 
demonstrated qu a lita tive ly  the structural performance of buried pipes 
in re lation to d ifferen t factors. Particular attention was paid to the 
bending performance of buried pipes, since as evidence suggests most 
buried rig id  pipes fa i l  under bending. The analytical results presented 
in chapter 6 formed the basis of a sim plified procedure which aims to 
give an estimation of the axial strains induced in a buried pipe due to 
an adjacent trench construction. This sim plified design procedure is  
presented in chapter 7.
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CHAPTER 7
7 ASSESSMENT - OF STRAIN IN PIPELINES AND SIMPLIFIED DESIGN.;
RECOMMENDATIONS
7.1 STRAINS INDUCED IN PIPES BURIED ADJACENT TO TRENCH EXCAVATIONS
The analytical results presented in chapter 6 are related to 
the idealised situation where a trench is excavated in a perfectly
e las tic  s o il,  where the soil stiffness is time independent and
where the excavation is treated as completely unsupported. As the 
analytical results in section 6.3 demonstrated the bending strains 
induced in pipes in such an idealised situation are comparatively 
low and pipe fracture is unlikely to occur due to the excavation of 
a trench adjacent to a buried pipe. I t  was considered inappropriate 
therefore, to suggest a design procedure which relates risk
categories of pipeline fracture to the bending strains calculated
on the basis of the analytical results in chapter 6. I t  was 
considered more appropriate to lim it  the objectives of such a 
procedure, to only suggesting a method of estimating the strains 
induced in a pipe buried adjacent to an unsupported excavation made 
in a perfectly e lastic  s o il. I t  is believed that risk categories 
should be defined by combining the e ffect of the various.factors 
affecting the performance of buried pipes, in addition to the e ffec t 
of trench excavations. A more detailed discussion of these factors 
was presented in chapter 2.
Chapter 7 presents a ju s tif ic a tio n  of the sim plified procedure 
which aims to give an estimate of the strains induced in pipelines 
buried adjacent to trench excavations. This procedure is based 
en tire ly  on the analytical results presented in chapters 5 and 6.
This chapter also includes numerical examples of this sim plified  
design procedure. Comparisons between the calculated maximum strains  
induced in a buried pipe using this procedure and the one suggested 
by Crofts et al (1980) is also presented. This chapter concludes 
with an examination of the lim itations of this design procedure and 
its  ap p licab ility  in d ifferen t cases.
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7.2 A SIMPLIFIED PROCEDURE OF ESTIMATING THE MAXIMUM STRAINS
INDUCED IN A BURIED PIPE BY AN ADJACENT TRENCH EXCAVATION
When a trench is excavated adjacent to a buried pipe the 
ground in the region of influence of the trench tends to deform 
and axial strains are induced in the buried pipe. These strains 
are dependent on a large number of variables some of which have 
been discussed in previous chapters. In the idealised situation  
examined analy tica lly  in chapter 5 and 6 where the soil is treated  
as lin e a r-e las tic  and the excavation as completely unsupported the 
number of variables is considerably reduced. In the case of a 
homogeneous soil the axial strains induced in the pipe by 
bending and direct compression or tensile effects can be expressed 
as:
e. = f  (W9L,H9EjE/EpI 9 KOy? y ,   (7 .1)
For a lin early  heterogeneous soil whereTE.= \  z the terms E and E/E I
r
can be replaced by \  and XzD/E I respectively. The above symbols are
r r *
defined in the notation table.
The analytical results presented in chapters 5 and 6 indicated 
that a narrow and long excavation is lik e ly  to be associated with 
higher bending moments in a buried pipe than a wider or shorter 
excavation. By considering the case of a narrow and long excavation 
the variables W and L representing the width and the length of the 
excavation respectively, can be eliminated from the design procedure.
I t  has also been shown that the axial strains are small compared 
to the bending strains. The effect of the excavation depth H and _ 
the re la tive  stiffness E/EpI were discussed in sections 6.6.1 and 
6.9 respectively. These indicated that the relation given below is 
applicable fo r a reasonable range of re la tive  stiffnesses and 
excavation depths.
A,Kot t H 1'6 ( i _  )°‘4 .....(7.2)
E V
M
V
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where is  appro   J ^
ted using the analytical results presented in section 6.10 and the 
parameter A-j was evaluated at any given pipe position. The values 
of A-j fo r a homogeneous soil are presented in the form of a contour 
map in fig  7.1. The same procedure was adopted for the case of a 
lin early  heterogeneous soil where E = xz. In this case the re la tion ­
ship fo r the curvature was suitably modified to:
Contours of k% fo r this case were obtained in a sim ilar manner using 
the analytical results in section 10 of chapter 6 and are presented 
in f ig . 7.2.
In the Crofts e t al (1977) model9 the curvatures and therefore 
the bending strains in the pipe are proportional to the maximum 
d iffe re n tia l displacement of the-pipe and independent of the position 
of the pipe re la tiv e  to the trench. Allowance is made for reducing 
this d iffe re n tia l displacements with distance (but not with depth). 
However, with lack of any re liab le  f ie ld  data regarding the variation  
of the maximum curvature a conservative estimate is adopted in this  
model which assumes that the maximum curvature is proportional to the , 
maximum d iffe re n tia l displacement of the pipe. However, the induced 
maximum curvature in pipes buried at d iffe ren t positions might not 
be proportional to the maximum d iffe re n tia l displacement, i .e .  be 
a function of the distance from the excavation face. This e ffec t 
was examined by plotting the curvatures induced in a typical pipe 
buried in a homogeneous soil and at shallow depth (0.1H) and also'a  
pipe buried at the same depth in a lin early  heterogeneous soil 
( i .e .  E = Xz). Fig. 7.3 shows the normalised maximum d iffe re n tia l 
displacements of the pipe when buried in two d ifferen t types of soil 
as well as the corresponding normalised curvatures. The graphs c learly  
demonstrate that the induced curvatures are not proportional to the 
maximum d iffe re n tia l displacements of the pipe. In both cases they 
reduce very rapidly with distance from the excavation face. Sim ilar 
to the maximum d iffe ren tia l displacements, the maximum curvatures of
Values of the maximum Lc + M * were calculabending moment M
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the pipe in the lin early  heterogeneous soil reduce more rapidly 
with distance from the excavation face than in the case of the 
homogeneous s o il. At a distance of 0.5H from the excavation 
face the maximum curvatures are shown to have dropped by 43% and 
63% fo r the cases of pipes buried in a homogeneous and a lin early  
heterogeneous soil respectively. The corresponding re la tive  reductions 
of the d iffe ren tia l displacements are 19% and 33% respectively. This 
confirms that the maximum curvature induced in a pipeline is not only 
a function of the maximum d iffe ren tia l displacement but also a function 
of distance from the excavation face (and also depth), a fact which 
was recognised by Crofts e t al (1977) but ignored fo r the sake of 
proposing a conservative approach.
The contours of the parameters A-j and k  ^ given in expression 7.2 
and 7.3 are derived from the results of f in ite  element analysis. These 
perhaps give a better picture of the variation of the maximum curvature 
of the pipe in the region of influence of the excavation than that given 
by Crofts et al (1980) where the curvature was proportional to the 
maximum d iffe ren tia l displacement of the pipe. I t  is however, well known 
that f in ite  element analysis gives a lower bound solution to the 
analysed problem. I t  is believed that in the present case where mesh 
refinement was restricted by the computational cost the calculated values 
of the bending moments induced in the buried pipe are s lig h tly  under­
estimated.
I t  is suggested that the values of the parameters A-j and k^ pre­
sented in f ig . 7.1 and f ig . 7.2 may be used to give an approximate 
estimate of the maximum curvature in a buried pipe. However, axial 
strains may be induced due to direct normal forces in the buried 
pipeline. The mechanism which controls the magnitude of these axial 
forces was discussed in chapter 4 (section 4 .4 .6 ) . As shown in section 
3 of chapter 6 the axial strains induced in the pipe by the d irect forces 
are comparatively small and fo r a narrow excavation are usually less 
than 10% of the bending strains.
I t  is therefore suggested that the strains calculated using this  
sim plified design procedure which is based on the parameters A^  and A  ^
presented above should be m ultiplied by a factor 1,3,. This factor
Includes a 10% allowance fo r the axial strains Induced by the direct 
forces and approximately 20% allowance for the underestimate of the * 
bending moments which were derived using a coarse f in ite  element mesh.
7.3 MAXIMUM STRAINS INDUCED IN BURIED PIPES BY ADJACENT TRENCH
EXCAVATIONS - WORKED EXAMPLES
The application of the sim plified procedure presented in the 
previous section is demonstrated by a number of worked examples. 
The data in the f i r s t  example are sim ilar to those in the worked 
example given in Appendix A using the Crofts e t al (1980) method.
Example 1.
A trench excavation 4 m deep by 1 m wide by 20 m long is made 
in a firm clay having y = 20 KN/m^  and Ko-j- = 1. A 4" (0.121 mm) 
cast iron pipe is buried at a distance 3.5 m from the trench face 
and at a depth 0.6 m. The maximum strains induced in the pipe in 
the short term are required.
Solution:
2assume E = 20 MN/M
E l  = 368.44 KNm2 
xp/H = 3 .5 /4  = 0.875 
z /H = 0 .6 /4  = 0.15
r
A-j = 0.035 (from f ig . 7.1)
substituting in equation 7.2.
1 _ M 0.035 x 20 x 41' 6 x,2000o , 0-4 
5  '  E I  '  20000 l 368.44J
= 1.58 X 10-3
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e = 1-3 D = 1.3 x 0.121 x 1.58 x ]0~3 = 1.25 x 1 ( f4
2 R 2
I .e .  e. = 0.0125%
The strain  calculated is very small compared to the ultimate 
Breaking strain  fo r this pipe which is 0.187%. I t  is unlikely to 
effect adversely the buried pipe unless the pipe has been substan­
t ia l ly  weakened by corrosion or overstressed by "locked in" residual 
stresses. The short term strains induced in a sim ilar pipe using 
the Crofts e t al (1980) model (see Appendix A) are shown to be much 
higher. For an articulated pipe the calculated strain e=  0.129% 
while this value is reduced to 0.093% for a rig id ly  jointed  
conti nuous pipe.
A comparison shows that fo r a continuous pipe the calculated 
short term strain  using the-present design procedure is only 13% 
of the short term strain using the Crofts et al (1980) method.
This large difference in strains.may be attributed to the major 
differences between the two methods. The most significant factor 
is the method by which the maximum displacement induced by a trench 
excavation is estimated. In the present method a ll displacements 
are calculated according to the theory of e la s tic ity  assuming the 
excavation face to be unsupported and that no further time dependent 
displacements are lik e ly  to occur. The Crofts et al (1980) model 
assumes that these immediate displacements are augmented by two 
further components, the f i r s t  being movement of the excavation face 
to come into contact with the support system and the second being 
due to the deflection of the supports under soil pressure.
Further investigation revealed that according to the present 
method the maximum horizontal and vertical displacements are 4 mm 
and 0.3 mm respectively. The corresponding e lastic  deflection  
according to the Crofts et al (1980) method is 5 mm which is augmented 
by a further 22 mm to give a total maximum short term deflection of 
27 mm. I t  is of in terest to note that the immediate horizontal ground 
movement predicted using the present method is equal to about 15% of
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the to tal horizontal movement of the Crofts et al [1980) method.
This shows that the major differences between the predicted maximum 
strains of the two methods is  due to the allowance made for the 
time dependent short term ground movements in the Crofts e t al (1980) 
model.
I t  is of in terest to note that in th is particu lar case the 
simple model of Crofts et al (1980) predicts the immediate maximum 
horizontal displacement at 5 mm which is  remarkably close to 4 mm 
calculated using the present method.
In this example there were many uncertainties regarding the value 
of E used in the design equation. For this reason two additional
calculations were carried out where the value of E was increased to
2 2 30MN/m and then reduced to 15 MN/m . The corresponding strains were
0.0098% and 0.0148%. I t  is evident that although the strains vary
with the value of E, the most important factor governing the value of
these strains remains the pipe position, and the maximum d iffe ren tia l
displacement. I t  must be stated, however, that fo r a constant Ko-j-
and a wide range of re la tive  stiffnesses the strains reduced in a
pipe increase as the value of E decreases and vice-versa.
Many uncertainties were also related to the estimations of the 
in -s itu  stresses and in the present case Koj was assumed to be equal 
to 1. Crofts et al (1980) suggested that Ko = 0.8 is the appropriate 
value fo r th is type of s o il. This denotes that the strains calculated 
using the present method could be even lower than 13% of the strains 
using the Crofts et al (1980) method. There is no reason to examine 
the influence of KOy on the induced strains in pipes since these strains 
are d irec tly  proportional to KOy (see equation 7 .2 ).
Example 2.
The data in this example are sim ilar to example 1, the only 
difference being that the pipe is buried at 0.5 m from the excavation 
face ( i .e .  x = 0.5m).
r
Solution:
X p /H - 0 ,5 /4  = 0.125 
A-j = 0.1 (from f ig , 7.1) 
which. gives 
e = 0.0357$
The change in the position of the pipe increased the reduced 
strains by approximately 200$. In contrast the strains calculated 
using the Crofts e t al (1980) model are only increased by 48$ and 
at this position the strains calculated using the present method 
are 26$ of the strains calculated, using the Crofts e t al (1980) 
model. This denotes that the difference in strain calculated 
using the two methods varies with the position of the pipe. The 
results also confirm previous observations that the variation of 
strain with distance of the pipe from the excavations face is not 
sim ilar to the variation of the maximum d iffe ren tia l displacement 
of the pipe.
Example 3.
The specification of the problem in this example is sim ilar 
to example 2, the only difference being that the soil is treated 
as lin early  heterogeneous where (E = 5000z)
Solution:
xp/H = 0.125
and Zp/H = 0 .1 5
A2 = 0.32 (from f ig . 7.2)
substituting in equation 7.3.
1 _ 0.32 x 20 x 4 ° '6 x ,5000 x 0 .6 . 0,4 
R "  5000 '■368.44 '
= 6 .8  x 10 '3
-248-
Hence e -  0,053.4$
The Induced strains in th is case are higher than in example .1 
but no quantitative comparisons can rea lly  be made due to the d ifferen t 
distribution of E in the two examples. For these particular cases 
the e lastic  modulus at the base of the excavation is the same while 
the strains induced in the pipe are428% higher in the heterogeneous 
soil than in the homogeneous s o il.
2An additional calculation using a value of X = 3000 KN/m per 
m depth showed that the strains were higher than in the previous case 
by 36% which obviously denotes that fo r the present range o f re la tive  
stiffnesses*strains increase as X decreases and vice-versa.
7.4 APPLICABILITY AND LIMITATIONS OF THE SUGGESTED DESIGN PROCEDURE
The design procedure suggested in section 7 .2 , fo r estimating 
strains in buried pipes was based en tire ly  on analytical results 
obtained from three dimensional f in ite  element models. The results 
of the analysis were based on a theoretical soil which was treated as 
incompressible, and linear e las tic . The properties of this soil were 
assumed to be time independent. A great deal of evidence (Cole and 
Burland, 1972) suggest that this assumption may not be val id in the'case 
where the soil is disturbed by earthworks. The analytical results 
were obtained on the assumption that the excavation face is completely 
unsupported and the support system is rig id  enough and in good contact 
with the s o il,  so that i t  does not allow any time dependent movements.
I t  is recognised that time dependent movements may occur in practice 
even i f  the support is r ig id , mainly due to the reductions of the so il, 
stiffness and excess pore pressure dissipation-
As expressions 7.2 and 7.3 show the estimation of curvatures in 
a buried pipe depends mainly on two important parameters, the e lastic  
modulus E and the total stress at rest earth pressure coeffic ient 
Ko-p which is related to the at rest earth pressure coeffic ient Ko 
(see chapter 5). The expression fo r KOy was derived on the assumption 
that the water table is a t ground level. The estimation of the 
parameters E and Ko is d if f ic u lt .  In -s itu  measurement of these
properties prior to commencement of the excavation works seems 
inappropriate not only due to the expense involved but also due 
to uncertainties related to the measurement of these properties.
Direct estimation of the value of E based on the value of shear 
strength is also d if f ic u lt  because there is no unique relationship  
between the value of shear strength and E (see Butler, 1975).
Although the value of KOy might be more easily estimated 
considering the soil classification^this estimation is s t i l l  
doubtful due to the sign ificant disturbance of the ground at the 
upper levels where usually trench excavations take place.
The design procedure suggested is based purely on the e lastic  
time independent properties of the s o il. Thus, the calculated strains 
are only related to the ground movements ju s t a fte r  completion of the 
excavation and no time dependent creep effects are considered. As 
Gumbel and Wilson (1980) have shown ground movements may vary 
considerably with time*mainly due to the reduction o f ground stiffness. 
Obviously these movements w ill be s ign ifican tly  effected by the quality  
of support and workmanship. The strains predicted by the present 
method are much lower than those predicted by Crofts et al (1980). 
Investigation shows that the difference between the two methods is 
mainly due to the allowance made by Crofts e t al (1980) for time 
dependent displacements and is , also affected by the d iffe ren t methods 
of considering the e ffect of the position of the pipe re la tive  to 
the trench.
The problem of assessing the magnitude of the time dependent 
movements and the effec t of the quality of support is rather more 
practical than theoretical. I t  is necessary to establish a data 
base relating the time dependent movements to the quality and type 
of support and the soil type. For this purpose an extensive survey 
programme might be required to monitor actual trench excavations in 
differen t so ils . I t  is recognised that such a programme might be 
slow and expensive but i t  is believed to be the only possible approach 
to this problem.
The present design procedure can be applied with reasonable 
confidence to the case of the trench excavations where the quality  of
support provision and subsequent backfilling  is good. For this purpose 
modern hydraulic shoring systems which can be pressurised seem to show 
considerable promise. I t  is believed however, that the spacing of the 
hydraulic struts should be very small in order to avoid local consoli­
dation or yielding of the soil behind the supports. This design 
procedure could be completely inapplicable in the case where the ground 
is in the state o f an active wedge fa ilu re . In such a case the bending 
moments induced in the pipe might be of very high magnitudes and i t  is  
stressed that this procedure can only cope with situations where the 
soil behaves approximately as a linear e lastic  continuum.
CHAPTER 8
8 TRENCHING GROUND MOVEMENTS AND BURIED PIPELINES -  THE STUDY IN 
RETROSPECT
The pipeline syterns buried in the ground are a valuable national 
asset. Some of these systems were buried in the ground many years 
ago when environmental conditions were d iffe re n t, today these conditions 
have changed. Due to the presence of industrial waste in populated areas 
the soil corrostvtty has increased considerably which in  some cases has 
given rise to substantial weakening of the pipe materials due to chemical 
attack. Ground disturbance, which is mainly due to earthworks carried 
out to provide improvements in social amenities.,can impose serious risks 
of fracture o f buried mains.
Pipeline fracture is rarely related to a single cause. In most 
cases a form of ground disturbance together with the e ffect of "locked- 
in" residual stresses and the e ffec t of pipe material deterioration due to 
chemical attack, combine to cause pipe fracture. One of the most common 
forms of ground disturbance is trench excavation induced ground movements. 
A rational assessment of the adverse e ffec t of trench excavations on 
adjacent buried pipelines requires an understanding of the nature of these 
ground movements and the corresponding so il-p ipe interaction. Insights 
on the problem can be obtained by f ie ld  observations, by experiment and 
analysis. In the work presented herein the th ird  alternative was 
employed. I t  is admitted that theoretical results can in certain cases 
be quantitatively incorrect due to the uncertainties relating to the 
various parameters used in the analysis, as well as the approximations 
inherent in the analysis. These results can however, be extremely use-
5npL .
ful q u a lita tiv e ly th e y  can give an illu s tra tio n  of the basic mechanisms 
controlling the nature of the analysed problem. In the present case 
the f in ite  element method of analysis was chosen to throw some lig h t  
onto the problem of trench excavations and th e ir  adverse effec t on 
adjacent buried services.
The analysis was carried out using mainly three dimensional models 
and i t  was based on linear e la s tic ity . I t  was recognised that many 
sim plifications and idealisations were made in the simulation of the 
trench excavations and the soil pipe interaction. The analytical results  
indicated that trench excavations are associated with high deformation
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gradients near the trench ends which tend to induce high bending and 
shear forces in an adjacent buried pipe. Evidence (Roberts and Regan, 
1977) suggests that buried pipes rarely fa i l  in shear which suggests 
that generally pipes buried adjacent to trench excavations fa i l  under 
bending. The parametric study of trench excavation induced ground 
movements indicated that the high deformation gradients near the 
excavation corners vary s ign ifican tly  with the trench geometry and 
the soil properties. Generally,.long narrow trenches introduce the 
highest deformation gradients and consequently the highest bending 
stresses in the pipe. The pattern of ground deformations also vary 
s ign ifican tly  with soil anisotropy and soil stiffness d istribution with 
depth. Isotropic soils are associated with higher deformation gradients 
near the excavation corners than : anisotropic so ils , provided the 
e lastic  moduli in the vertical direction and the in -s itu  stresses are 
the same. Many problems are associated with the estimation o f the time 
dependent ground movements associated with a trench e x e r t io n .  I t  is 
evident from f ie ld  data (Gumbel and Wilson, 1980) that these movements 
may reach high magnitudes within a short period a fte r  the excavation.
A single analysis carried out demonstrated that the long term ground 
movements associated with pore pressure dissipation can not ju s tify  
the high magnitudes of these short term time dependent ground movements. 
These movements are lik e ly  to be associated with loss of ground stiffness.
As the analytical results of the soil-p ipe interaction analysis 
demonstrated, when a trench is excavated to fu ll  depth in one operation* 
i t  is extremely d if f ic u lt  to minimise the immediate 'e la s tic ' movements.
In order to re s tr ic t these e lastic  movements, the trench must be 
excavated in very short lengths and effective support must be provided 
immediately. This does not happen in practice however and i t  may be 
assumed that these 'e la s tic ' movements with the corresponding induced 
pipe curvatures characterise trench excavations. With regard to the 
effect of the support system on the general nature of ground movements, 
i t  seems unlikely that any support system w ill minimise the 'e la s tic ' 
ground movements and consequently the induced pipe curvatures. I t  is  
expected however that the quality of the support and the workmanship 
w ill have a considerable effect on the magnitude of the. time dependent 
ground movements. The bending moments induced in buried pipes were 
calculated on the assumption that the support system was rig id  enough 
to allow no fu rther, non-elastic time dependent movements to occur.
For this condition the analytical results show that the strains induced
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in pipes by adjacent trench excavations are low but they can be 
su ffic ien t to cause fracture of the pipeline in cases where the pipe 
is substantially weakened by corrosion or over stressed by 'locked in ' 
residual stresses. However small these strains are3th e ir  importance 
should not be underestimated. In cases of older cast iron pipes, 
graphitic fissure corrosion can occur which may gradually lead to pipe 
fracture.
The analysis confirmed in tu itio n  and indicated that one of the most 
important parameters governing the so il-p ipe interaction is the re la tive  
stiffness of the soil and the pipe at the soil-p ipe in terface. Further­
more the analysis demonstrated that the magnitude of the strains induced 
in pipes is not proportional to the magnitude of the induced ground 
movements. As the distance of the trench face from the pipe increases the 
maximum d iffe re n tia l displacement of the pipe is reduced. The curvature 
induced in the pipe however reduces at a much faster rate.
An analytical simulation of free and locking jo in ts  indicated that 
f le x ib le  jo in ts  may improve the bending performance of a pipe made up 
of short lengths or impose higher bending moments when the pipe is  
made up of longer sections. Simulation of interface slippage indicated 
that this aspect has l i t t l e  e ffec t on the bending moments induced in the 
pipe. A short study has also indicated that surface loading may affec t 
adversely a pipe buried adjacent to an excavated trench. This is mainly 
due to lack of la tera l restra in t to the sides of the excavation, which 
allow higher d iffe re n tia l movements and hence higher curvatures in the 
buried pipe.
A sim plified procedure fo r estimating the strains induced in buried 
pipes by adjacent trench excavations has been suggested. The procedure 
was based purely on f in ite  element results and i t  can be applied to 
predict the strain induced in pipes due to the e lastic  deformation of 
the ground in the region o f influence o f the trench. The lim itations  
of the procedure are mainly the uncertainties related to the estimation 
of the in -s itu  stresses and the soil stiffness. I t  must also be stated 
that the procedure does not take into account the time dependent 
deformations of the ground i .e .  perfect propping is assumed.
Application of this procedure to calculate strains in pipes due to 
adjacent trench excavation shows that these strains are not as high as 
those predicted by the Crofts et al 0980) method. The main differences
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arise basically due to the allowance made by the Crofts et al (1980) 
model fo r time dependent deformations and the d ifferen t distribution  
of curvatures in  pipes, with distance from the trench.
As the analytical resu lt demonstrated the magnitude o f the curvature 
induced in the buried pipe can be affected to a high degree by the 
constructional procedure. Rigid support on the fu ll length of every 
excavated bay may cause a considerable increase of the bending moments 
in the pipe due to a 'freezing1 of the bending moments. I t  has been 
suggested that this e ffec t can be mitigated by not providing rig id  
support to the fu ll  length of the trench i .e .  by partia l propping.
In cases where a pipe is considered to be sensitive to ground disturbance 
the end benching technique can be applied in order to reduce the high 
bending moments in the pipe near the trench end. Although th is procedure 
is expected to be more expensive i t  might be cheaper than providing 
elaborate support systems aiming to reduce the e lastic  ground movements 
and as a consequence the strains in the pipe. I t  is interesting to note 
in this case that the technique does not reduce the maximum ground 
movements in the region of influence of a long excavation but simply the
ground deformation gradients and hence the curvatures in the buried pipes.
The problem of the risk of pipeline fracture caused by trench 
excavation induced ground movements is a re la tiv e ly  recent research topic. 
This problem is extremely complicated, basically due to the many parameters 
affecting the performance of trench excavation. The study presented in 
this thesis is by no means exhaustive and further research is required 
to throw more lig h t onto this problem. The influence of trenches or 
shallow narrow excavations on nearby pipes was studied in th is thesis 
mainly by a theoretical treatment based on f in ite  element simulations 
of thesoil-pipe interaction problem. The soil was modelled by a lin e a r-  
elastic  incompressible solid thereby simulating a saturated clay subjected 
to short term unloading changes. Total stress changes allowed a s lo t
to be "cut" in the soil thus simulating the excavation of a trench.
Cross-anisotropy and lin ear heterogeneity of the soil were also modelled. 
Accordingly, the study described in this thesis applies only p rac tica lly  
to the "immediate" condition of undrained unloading of a saturated clay 
or conceivably to the impractical theoretical condition of a perfectly  
immediately propped trench where time dependent changes cannot occur.
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The parametric study o f the in fluence o f fac to rs  which may be 
in tu i t iv e ly  considered to  a ffe c t the bending s tra ins  in  a buried pipe 
alongside a trench showed a number o f in te re s tin g  features o f engineering 
s ign ifica n ce , namely:
( i )  skin f r ic t io n  between the pipe and s o il has n e g lig ib le
( i i )  free  and locking jo in ts  may increase bending s tra in s  but 
not as much as th a t ind icated by the W inkler model;
( i i i )  s tra ins  induced in  the pipe are not in  proportion to  the 
ground movements;
( iv )  excavation procedures may have a profound e ffe c t e.g. "good" 
( r ig id ,  pe rfec t, immediate) propping in  the region o f the 
trench end may re s u lt in  increased bending moments induced
in  the pipe on subsequent digging o f the next bay. On the 
other hand p a rtia l propping or f le x ib le  end propping, or 
a lte rn a tiv e ly  end benching, may reduce considerably the 
bending induced in  the pipe near the trench heading;
(v) w hile  the in fluence o f cross-anisotropy alone (w ithou t 
regard to in -s itu  stresses) is  moderate, the e ffe c t o f 
s o il heterogeneity is  considerable.
Drawing on the parametric study, a ra t io n a l design procedure was 
suggested fo r  estim ating the bending s tra in s  induced in  a buried pipe 
alongside a trench excavation in  a saturated clay in  the sho rt term.
The method consists o f obtain ing a design parameter A from a contour 
map which re la tes the parameter to the pos ition  o f the pipe w ith  respect 
to the trench cross-section , and in se rtin g  the appropriate values in  an 
equation o f the form:
The formulation does not include the pipe diameter which may 
affect the pipe deflection and accordingly this aspect should be 
studied and correlated with established solutions for laterally loaded
e ffe c t
0.6 0.4
( 8.1 )
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APPENDIX A 
A WORKED EXAMPLE OF ESTIMATING THE
RISK OF PIPELINE FRACTURE USING 
THE CROFTS ET AL (1980) METHOD
D a t a :
S o i l  f i r m  c l a y .  Ku i s  8000 KN/m3
E x i s t i n g  p i p e  4 "  c a s t  i r o n  D =  0,121 m l e n g t h  b e t w e e n  j o i n t s  
p  =  5,49 m
D e p t h  o f  e x i s t i n g  p i p e  6 0 0  m m . P i p e s  a s s u m e d  a r t i c u l a t e d  a t  
j o i n t s .  P i p e  s t i f f n e s s  E l  =  3 6 8 . 4 4  k N m 2 .
T r e n c h  i n  l i g h t  c o n s t r u c t i o n  r o a d  3 . 5  m  f r o m  p i p e  =  t 
D e p t h  o f  t r e n c h  H =  4  m  
W i d t h  o f  t r e n c h  B =  1  m  
L e n g t h  o f  t r e n c h  L  =  2 0  m
B a c k f i l l  t o  b e  s a n d  c o m p a c t e d  t o  a  m e d iu m  d e n s e  s t a t e .
T r e n c h  t o  b e  m a c h i n e  d u g  t o  f u l l  d e p t h  f o l l o w e d  c l o s e l y  b y  
p l a c i n g  s u p p o r t s
( F r o m  t h e  d a t a  t h e  t r e n c h  i s  s e e n  t o  b e  d e e p e r  t h a n  t h e  p i p e )
a )  M o v e m e n t  o f  u n s u p p o r t e d  f a c e  
B y  e q u a t i o n ( 2 . * 5 )  x^  - 8 a ,  s a y
N o w  l/E =  = 0,875 w h e n c e  =  *  0,64 ( f i g  g i v i n g
Xj = 8 x  0,64 =  5 mm
b )  M o v e m e n t  t o  b r i n g  s o i l  i n t o  c o n t a c t  w i t h  s u p p o r t s  
a l l o w  3  m m  t o  f i l l  v o i d s .  B y  e q u a t i o n  ( 2 . 6 }
x2 =  (10 + 5) cc =  13 x  0,64 =  8 mm
c )  M o v e m e n t  d u e  t o  d e f l e c t i o n - o f  s u p p o r t s  
D i s t a n c e  o f  p i p e  f r o m  e x c a v a t i o n  = 3 . 5  m
1
F r o m  F i ^ . 2 3 A l i n e  A  a n d  ^  =  0,875
x3 - 0,35% o f 4 m =  1 4  mm
d )  C o m p r e s s i o n  o f  b a c k f i l l
F r o m  T a b l e  I I ,  f o r  f i r m  c l a y ,  l o g 10 K0 /Ka = 0,38; f o r
C cm e d iu m  d e n s e  s a n d  r - - —  =  0,101 + e0
t h e n  b y  e q u a t i o n  ( 2 . f )
x4 -0,64 x  |  Y 0,10) 0,38 =  1 2  mm
B y  e q u a t i o n  ( 2 - 3 )  t o t a l  u l t i m a t e  m o v e m e n t  
x = x-\ + x2 + x3 +  x4 = 3 9  m m
e )  B e n d i n g  M o m e n t  F a c t o r  f o r  a r t i c u l a t e d  j o i n t e d  p i p e s .
X =  f o r  Ku =  8000, D =  121 mm, E l  =  3 6 8 . 4 4  k N m 2
X =  0.1132 x  9,46 =  1,071
s e e  F i g .  2 - 3 8  X |  = 1.071 x  =  1.87
F =  0. 78.
f )  B e n d i n g  M o m e n t  f a c t o r  G  f o r  a r t i c u l a t e d  j o i n t e d  p i p e s  
s e e  F i g .  ( 2 . ”3 ? - )  X p  =  1.071 x  5.49 =  5.88
s i n c e  XL =  1.071 x  20 - 21.4>4, so t r e n c h  i s  a  " l o n g
trench" and G = 1.38.
C a l c u l a t i o n  o f  S t r a i n s :
S h o r t  t e r m  s t r a i n  b e f o r e  b a c k f i l l i n g  
f r o m  ' C Z - B )
e  short term  =  ^  ^  + 202 t  X3 ^ s h o r t  term X  F  X  G
=  0.121  x  1.0712 x  0.027  x  0.32  x  0.78  x  1.38 
=  0.00129
u l t i m a t e  s t r a i n  f o r  4 "  C . I .  p i p e  =  0.00187
p r o p o r t i o n  o f  b r e a k i n g  s t r a i n  m o b i l i z e d  =  = 0.69
L o n g  t e r m  s t r a i n  m o b i l i z e d  a f t e r  b a c k f i l l i n g
f r o m  ( 7 - . ^ )
e, =  D\z (x-i + x2 + x3 + Xa)A, . x  F  x  Glong term  1 1 0 4  *ong term
=  0.121 x  1.071zx 0.039 x 0.16 x 0.78 x 1.38 
=  0.000932
' 0 000932p r o p o r t i o n  o f  b r e a k i n g  s t r a i n  m o b i l i z e d  -  o^qqJsY  ^ =
S h o r t  t e r m  s t r a i n  i s  c r i t i c a l .  T h e  p r o p o s e d  w o r k  i s  i n
c a t e g o r y  3  t h a t  i s  t h e r e  i s  a n  u n a c c e p t a b l e  r i s k  o f  b r e a k a g e .  
N O T E  -  H a d  t h e  p i p e  b e e n  a s s u m e d  t o  b e  s o l i d l y  j o i n t e d  t o g e t h e r ,  
s u c h  a s  b y  b e i n g  r u s t e d  u p  s o l i d ,  t h e n  G =  1 a n d  t h e  p r o p o s e d  
w o r k  w o u l d  h a v e  a  r i s k  c a t e g o r y  2 .  T h i s  m a y  a p p e a r  s u r p r i s i n g ,  
b u t  t h e  e x p l a n a t i o n  l i e s  i n  t h e  u n k n o w n  p o s i t i o n  o f  t h e  p i p e  
j o i n t s  i n  r e l a t i o n  t o  t h e  t r e n c h  p o s i t i o n .  I n  m o s t  p o s s i b l e  
p o s i t i o n s  o f  t h e  j o i n t s  t h e  b e n d i n g  s t r a i n  i n  t h e  i r o n  p i p e s  i s  
r e d u c e d  b e l o w  t h a t  f o r  a  r i g i d  p i p e ,  b u t  t h e r e  a r e  a  s m a l l  
n u m b e r  o f  c r i t i c a l  p o s i t i o n s  o f  t h e  j o i n t s  f o r  w h i c h  t h e  
b e n d i n g  i s  w o r s e ,  t h a t  i s ,  f o r  w h i c h  G>1. A s  t h e  a n a l y s i s  i s  
b a s e d  o n  t h e  m a x im u m  b e n d i n g ,  t h e n  w h e n  a r t i c u l a t i o n  i s  a s s u m e d  
t h e  m a x im u m  s t r a i n  i s  i n c r e a s e d .  H o w e v e r ,  w h e n  t h e  p i p e s  
a r t i c u l a t e ,  a  v a l u e  o f  G l e s s  t h a n  1 i s  s t a t i s t i c a l l y  
p r o b a b l e .
I f  f r e e l y  j o i n t e d  v e r y  s h o r t  p i p e s  w e r e  u s e d ,  t h e n  
b e n d i n g  s t r a i n s  w o u l d  t e n d  t o  z e r o .  T h i s  i s  s h o w n  i n  F i g .  2 - 3 7 -  
w h e r e  G =  0  f o r . A p  b e l o w  0 . 2 .
Note; The example given above gives the maximum possible bending 
strains for an articulated pipe. For a continuous pipeline the 
bending strains predicted by Crofts et al (1980) should be 
reduced by a factor 1.38.
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APPENDIX B
P R E D IC T E D  A N D  M E A S U R E D  G R O U N D  M O V E M E N T S  A D J A C E N T  T O  A  
T R E N C H  E X C A V A T IO N  I N  L O N D O N  C L A Y
K .  K y r o u ,  B S c ( E n g ) ,  M S c ( E n g )
R e s e a r c h  S t u d e n t ,  U n i v e r s i t y  o f  S u r r e y  
B . K .  M e n z i e s ,  P h D ,  M I C E ,  F G S  
L e c t u r e r ,  U n i v e r s i t y  o f  S u r r e y
A . I .  T a r z i ,  B S c ( E n g ) ,  M P h i l  
L e c t u r e r ,  U n i v e r s i t y  o f  S u r r e y
T H E  IN F L U E N C E  O F  E X C A V A T IO N  S H A P E  O N  T H E  P A T T E R N  O F  
E X C A V A T IO N  IN D U C E D  G R O U N D  M O V E M E N T S
T h e  g r o u n d  m o v e m e n t s  a s s o c i a t e d  w i t h  d e e p  w i d e  e x c a v a ­
t i o n s  h a v e  a c h i e v e d  p r o m i n e n c e  i n  t h e  l i t e r a t u r e  o f  t h e  p a s t  
d e c a d e  s i n c e  t h e  c o m m e n t  b y  P e c k  ( 1 9 6 9 )  a b o u t  t h e  s c a r c i t y  o f  
c a s e  h i s t o r i e s  l e a d i n g  t o  a n  i n c o m p l e t e  u n d e r s t a n d i n g  o f  t h e  
p r o b l e m .  P a r t i c u l a r  a t t e n t i o n  h a s  b e e n  f o c u s s e d  o n  t h e  
m e a s u r e m e n t ,  p r e d i c t i o n  a n d  t h e  m i n i m i s a t i o n  o f  g r o u n d  
m o v e m e n t s  b y  a p p r o p r i a t e  c o n s t r u c t i o n a l  p r o c e d u r e s  ( C o l e  
a n d  B u r l a n d ,  1 9 7 2 ;  B u r l a n d  a n d  M o o r e ,  1 9 7 3 ;  H u d e r ,  1 9 6 9 ;
S t .  J o h n ,  1 9 7 5 ;  T o m l i n s o n ,  1 9 7 5 ;  S im p s o n  e t  a l ,  1 9 7 9 ) .
I n  c o n t r a s t ,  t h e  p e r f o r m a n c e  a n d  s e r v i c e a b i l i t y  o f  s t r u c t u r e s  
a d j a c e n t  t o  a n  e x c a v a t i o n  w h i c h  i n t e r a c t  w i t h  t h e  e x c a v a t i o n  
i n d u c e d  s o i l  d e f o r m a t i o n ,  h a s  r e c e i v e d  l i t t l e  a t t e n t i o n .  T h e  
v e r t i c a l  c o m p o n e n t  o f  m o v e m e n t  o u t s i d e  a n  e x c a v a t i o n  h a s  o f t e n  
b e e n  c o n s i d e r e d  t h e  c r i t i c a l  c o m p o n e n t  w h i c h  c o u l d  c a u s e  
d a m a g e  t o  n e a r b y  s t r u c t u r e s .  . A s  C o l e  a n d  B u r l a n d  ( 1 9 7 2 )  
p o i n t  o u t ,  h o w e v e r ,  " t h e r e  i s  n o  r e a s o n  t o  b e l i e v e  t h a t  
s t r u c t u r e s  a r e  l e s s  s e n s i t i v e  t o  h o r i z o n t a l  m o v e m e n t s  
t h a n  t o  v e r t i c a l  m o v e m e n t s  a n d  i n d e e d  t h e  r e v e r s e  m a y  
b e  t r u e " .  I n d e e d ,  S t .  J o h n  ( 1 9 7 5 )  a n d  C r e e d  ( 1 9 7 9 )  s h o w  
t h a t  h o r i z o n t a l  m o v e m e n t s  d u e  t o  e x c a v a t i o n s  c a n  b e  c o n s i d e r ­
a b l y  h i g h e r  t h a n  v e r t i c a l  o n e s .  A c c o r d i n g l y ,  h o r i z o n t a l  
g r o u n d  m o v e m e n t s  i n d u c e d  b y  a  d e e p  w i d e  e x c a v a t i o n  m a y  b e  
o f  s u f f i c i e n t  m a g n i t u d e  t o  c a u s e  d a m a g e  o r  l o s s  o f  s e r v i c e ­
a b i l i t y  o f  n e a r b y  s t r u c t u r e s .  I t  m a y  b e  e x p e c t e d  t h e r e f o r e  
t h a t  l a t e r a l  d e f o r m a t i o n s  w i l l  b e  i n d u c e d  i n  s o i l  a d j a c e n t  
t o  s h a l l o w  n a r r o w  e x c a v a t i o n s  s u c h  a s  t r e n c h e s ,  a n d  t h a t  
t h e s e  m o v e m e n t s  m a y  b e  s u f f i c i e n t  t o  a f f e c t  a d v e r s e l y  n e a r b y  
s t r u c t u r e s  s u c h  a s  b u r i e d  s e r v i c e s .  I n  c o m p a r i s o n  w i t h  t h e
g r o u n d  m o v e m e n t s  i n d u c e d  b y  d e e p  e x c a v a t i o n s ,  t h e s e  m o v e m e n t s  
a r e  s m a l l  a l t h o u g h  p o o r  c o n t r o l  o f  t h e  w o r k s  m a y  a l l o w  g r e a t e r  
m a g n i t u d e s .  W h e t h e r  t h e  m o v e m e n t s  a r e  s m a l l  o r  l a r g e ,  
h o w e v e r ,  t h e y  m a y  b e  o f  s u c h  a  m a g n i t u d e  a s  t o  c a u s e  
e x c e s s i v e  s t r a i n i n g  a n d  s u b s e q u e n t  f a i l u r e  o f  a d j a c e n t  
p i p e l i n e s  a n d  s e r v i c e s .  C o m p a r a t i v e l y  l i t t l e  h a s  a p p e a r e d  
i n  t h e  l i t e r a t u r e  o n  t h e  n a t u r e  o f  m o v e m e n t s  a s s o c i a t e d  w i t h  
t r e n c h  e x c a v a t i o n s  p r o b a b l y  b e c a u s e  t r e n c h  e x c a v a t i o n s  a r e  
t e m p o r a r y  a n d  a r e  b a c k f i l l e d  w i t h  s o i l  o r  f i l l e d  w i t h  
c o n c r e t e  a s  i n  t h e  c a s e  o f  d i a p h r a g m  w a l l s .  T h e  i n f l u e n c e  
o f  t r e n c h  e x c a v a t i o n  i n d u c e d  g r o u n d  m o v e m e n t s  o n  n e a r b y  
u n d e r g r o u n d  s e r v i c e s  s u c h  a s  g a s  a n d  w a t e r  m a i n s  i s  n o w  
r e c e i v i n g  a t t e n t i o n  b e c a u s e  f a i l u r e s  h a v e  o c c u r r e d  s o m e  
m o n t h s  a f t e r  r e i n s t a t e m e n t  o f  t h e  t r e n c h  ( T R R L ,  1 9 7 8 ) .
A n  a n a l y t i c a l  m o d e l  h a s  b e e n  d e v e l o p e d  b y  C r o f t s  e t  a l  
( 1 9 7 7 )  w h i c h  e x a m i n e s  t h e  e f f e c t  o n  b u r i e d  p i p e s  o f  t h e  
l o n g i t u d i n a l  b e n d i n g  s t r e s s e s  i n d u c e d  b y  a d j a c e n t  t r e n c h  
e x c a v a t i o n s .  T h e  p i p e - s o i l  i n t e r a c t i o n  w a s  m o d e l l e d  b y  
a  b e a m  e m b e d d e d  i n  a  b e d  o f  s p r i n g s  a n d  w a s  s i m i l a r  t o  
a  b e a m  o n  a n  e l a s t i c  f o u n d a t i o n  m a d e  u p  o f  a  W i n k l e r  m e d iu m .  
T h i s  m o d e l  w a s  s e n s i t i v e  t o  t h e  r e s t r a i n i n g  e f f e c t  o f  t h e  
e n d  o f  t h e  t r e n c h  w h e r e  t h e  a d j a c e n t  p i p e  w a s  s u b j e c t  t o  
g r e a t e s t  b e n d i n g . 5 T h e  e x t e n t  o f  t h e  z o n e  o f  t r e n c h  e n d  
r e s t r a i n t  u p o n  t h e  d i s p l a c e m e n t  o f  t h e  p i p e  w a s  t r e a t e d  
i n t u i t i v e l y .  T o  e n a b l e  t h i s  i m p o r t a n t  f e a t u r e  t o  b e  
s t u d i e d  f u r t h e r ,  t w o  d i m e n s i o n a l  a n d  t h r e e  d i m e n s i o n a l  
f i n i t e  e l e m e n t  c o n t i n u u m  m o d e l s  m a y  b e  e m p l o y e d .  T h e s e  
t e c h n i q u e s  a l s o  a l l o w  a  s t u d y  t o  b e  m a d e  o f  t h e  f o r m  o f  
g r o u n d  m o v e m e n t s  a s s o c i a t e d  w i t h  t r e n c h e s .
i
T h i s  p a p e r  r e p o r t s  o n  a  s i m p l e  f i n i t e  e l e m e n t  s t u d y  o f  
d e f o r m a t i o n s  a s s o c i a t e d  w i t h  t h e  c u t t i n g  o f  a  s l o t  i n  a  p r e ­
s t r e s s e d  l i n e a r  e l a s t i c  m e d iu m  a n d  c o n s i d e r s  t h e  v a l i d i t y  o f  
t h i s  m o d e l  f o r  p r e d i c t i n g  t h e  f o r m  a n d  m a g n i t u d e  o f  g r o u n d  
m o v e m e n t s  a s s o c i a t e d  w i t h  t r e n c h  e x c a v a t i o n s .  T h e  m o d e l  i s  
c a l i b r a t e d  b y  c o m p a r i n g  t h e  p r e d i c t e d  m o v e m e n t s  w i t h  t h o s e  
o b s e r v e d  d u r i n g  a n d  a f t e r  e x c a v a t i o n ,  p r o p p i n g  a n d  b a c k ­
f i l l i n g  o f  a  t r e n c h  c u t  i n  L o n d o n  c l a y  ( G u m b e l  a n d  W i l s o n ,  
1 9 8 0 ) .
T H E  A N A L Y T I C A L  M O D E L S
T h e  s o i l  w a s  m o d e l l e d  b y  a n  i s o t r o p i c  l i n e a r - e l a s t i c  
s o l i d .  T h e  s o i l  b e h a v i o u r  w a s  a n a l y s e d  u s i n g  t h e  f i n i t e  
e l e m e n t  m e t h o d  f o r  a  t w o  d i m e n s i o n a l  m o d e l  i m p o s i n g  b o t h  
p l a n e  s t r e s s  a n d  p l a n e  s t r a i n  c o n d i t i o n s ,  a n d  b y  a  t h r e e  
d i m e n s i o n a l  m o d e l .
T h e  a s s u m p t i o n  o f  i s o t r o p y  w a s  f o u n d  b y  C r e e d  ( 1 9 7 9 )  t o  
h a v e  l i t t l e  e f f e c t  o n  t h e  p a t t e r n  o f  g r o u n d  m o v e m e n t s  w h e r e
-2B2-
d e f o r m a t i o n s  a s s o c i a t e d  w i t h  e x c a v a t i o n s  s u p p o r t e d  b y  
d i a p h r a g m  w a l l s ,  w a s  a n a l y t i c a l l y  m o d e l l e d .  N o n ­
h o m o g e n e i t y  o f  t h e  m o d e l l e d  s o i l  w a s  i n c o r p o r a t e d  i n  
t h e  a n a l y s i s  s i n c e  t h i s  a f f e c t s  c o n s i d e r a b l y  t h e  p a t t e r n  
o f  m o v e m e n t s  ( S i m o n s ,  1 9 7 4 ) .
E x c a v a t i o n  o f  t h e  t r e n c h  w a s  s i m u l a t e d  b y  t o t a l  s t r e s s  
r e m o v a l  a l o n g  t h e  f a c e  o f  a  s l o t  i n  t h e  e l a s t i c  c o n t i n u u m .
U s i n g  t h e  f i n i t e  e l e m e n t  m o d e l s  d e s c r i b e d ,  h o r i z o n t a l  
d i s p l a c e m e n t  p a t t e r n s  o f  t h e  f a c e  o f  t h e  t r e n c h  a t  g r o u n d  
l e v e l  w e r e  o b t a i n e d  a n d  t h e y  a r e  s h o w n  i n  F i g .  1 .  T h e  
p o i n t s  t o  b e  n o t e d  a r e :
( i )  C o n s i d e r a b l e  r e s t r a i n t  t o  h o r i z o n t a l  m o v e m e n t  i s  
o f f e r e d  b y  t h e  e x c a v a t i o n  e n d s  a s  w e l l  a s  t h e  
b o t t o m  o f  t h e  e x c a v a t i o n .
( i i )  T h e  b u i l d  u p  o f  h o r i z o n t a l  m o v e m e n t s  n e a r  t h e  
e x c a v a t i o n  e n d s  i s  v e r y  r a p i d  a n d  m o s t  o f  t h e  
m o v e m e n t  t a k e s  p l a c e  w i t h i n  a  d i s t a n c e  e q u a l  t o  
t h e  d e p t h  o f  t h e  e x c a v a t i o n .  A l t h o u g h  h o r i z o n t a l  
m o v e m e n t s  d u e  t o  w i d e  a n d  n a r r o w  t r e n c h e s  o f  t h e  
s a m e  d e p t h  m a y  b e  o f  d i f f e r e n t  m a g n i t u d e s ,  t h e  
r a t e  o f  b u i l d  u p  o f  m o v e m e n t  i s  a l m o s t  e q u a l l y  
r a p i d .
( i i i )  T h e  h o r i z o n t a l  d i s p l a c e m e n t  p a t t e r n  o b t a i n e d  f r o m  a  
t w o  d i m e n s i o n a l  p l a n e  s t r e s s  m o d e l  w h i c h  e s s e n t i a l l y  
r e p r e s e n t s  a  d e e p  s l o t  i n  t h e  g r o u n d  f o l l o w s  a  b e a m  
t y p e  d e f l e c t i o n  p r o f i l e  w h i c h  i s  t y p i c a l  o f  d e e p  
e x c a v a t i o n s  ( C o l e  a n d  B u r l a n d ,  1 9 7 2 ;  S t .  J o h n ,  1 9 7 5 ) .
F u r t h e r  r e s u l t s  s h o w e d  t h a t :
( i v )  V e r t i c a l  m o v e m e n t s  w e r e  o f  c o m p a r a b l e  m a g n i t u d e
a n d  t h e  b u i l d  u p  o f  t h e s e  m o v e m e n t s  i s  a l m o s t  e q u a l l y  
r a p i d  n e a r  t h e  e x c a v a t i o n  e n d s  a s  i n  t h e  c a s e  o f  
h o r i z o n t a l  m o v e m e n t s . -
( v )  H o r i z o n t a l  a n d  v e r t i c a l  m o v e m e n t s  a w a y  f r o m  t h e  
e x c a v a t i o n  c o r n e r s  c o m p u t e d  f r o m  t w o  d i m e n s i o n a l  
p l a n e  s t r a i n  m o d e l s  w e r e  o f  a  s i m i l a r  p a t t e r n  a n d  
m a g n i t u d e  a s  t h o s e  c o m p u t e d  f r o m  t h r e e  d i m e n s i o n a l  
m o d e l s .
T H E  T R I A L  T R E N C H
I n  o r d e r  t o  p r o v i d e  a  c a s e  h i s t o r y  o f  g r o u n d  m o v e m e n t  
d a t a  r e l a t i n g  s p e c i f i c a l l y  t o  t r e n c h  e x c a v a t i o n s ,  a  4 m  d e e p  
b y  l m  w i d e  b y  1 5 m  l o n g  t r i a l  t r e n c h  w a s  d u g  i n  t h e  b a s e m e n t
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b e d s  o f  t h e  L o n d o n  c l a y  a t  t h e  M a n o r  F a r m  s i t e  o f  t h e  
U n i v e r s i t y  o f  S u r r e y ,  G u i l d f o r d .  M o v e m e n t s  o f  t h e  g r o u n d  
s u r f a c e  a r o u n d  t h e  t r e n c h  w e r e  m o n i t o r e d  u s i n g  s i m p l e  
s u r v e y i n g  m e t h o d s  s i n c e  t h e  r e c o r d e d  m o v e m e n t s  w e r e  i n  
t h e  o r d e r  o f  1 0 - 4 0 m m .  T h e  t r e n c h  w a s  p a r t i a l l y  s h o r e d  
4 - 5  h o u r s  a f t e r  e x c a v a t i o n  a n d  l e f t  o p e n  f o r  2 8  d a y s ,  
a l t h o u g h  m o n i t o r i n g  o f  m o v e m e n t s  c o n t i n u e d  a f t e r  b a c k ­
f i l l i n g .  S o m e  i n d i c a t i o n  o f  t h e  s t i f f n e s s  o f  t h e  g r o u n d  
w a s  o b t a i n e d  f r o m  i n s i t u  p l a t e  b e a r i n g  t e s t s  a p p l i e d  t o  
t h e  t r e n c h  w a l l s  a b o u t  4 8  h o u r s  a f t e r  e x c a v a t i o n .  T h e  
s t i f f n e s s e s  w e r e  o b t a i n e d  f r o m  a  l o a d i n g  c o n d i t i o n  a n d  
i t  i s  u n l i k e l y  t h a t  t h e y  r e p r e s e n t  t h e  u n l o a d i n g  c o n d i t i o n  
a r i s i n g  f r o m  t h e  s t r e s s  r e l e a s e  o n  t h e  e x c a v a t i o n  f a c e s .
I n  t h e  a b s e n c e  o f  b e t t e r  d a t a ,  h o w e v e r ,  t h e s e  s t i f f n e s s e s  
w e r e  u s e d  i n  t h e  a n a l y s i s .
P R E D IC T E D  A N D  O B S E R V E D  P A T T E R N S  O F  M O V E M E N T  A S S O C IA T E D  
W IT H  T H E  T R I A L  T R E N C H
A n y  c o r r e l a t i o n  b e t w e e n  t h e  o b s e r v e d  a n d  p r e d i c t e d  
m a g n i t u d e s  m u s t i b e  r e g a r d e d  a s  f o r t u i t o u s  o w i n g  t o  t h e  
u n c e r t a i n t i e s  r e l a t i n g  t o  t h e  i n t e r p r e t a t i o n  o f  p l a t e  
l o a d i n g  t e s t s  a n d  t h e  s o i l  b e h a v i o u r  w h i c h  m a y  n o t  b e  
t h a t  o f  a  c o n t i n u u m .  N e v e r t h e l e s s ,  t h e  p r e d i c t e d  f o r m  
o f  t h e  g r o u n d  m o v e m e n t s  c o m p a r e s  w e l l  w i t h  t h e  o b s e r v e d  
f o r m  o f  g r o u n d  m o v e m e n t s  ( F i g  2  a n d  3 ) .  I n  p a r t i c u l a r ,  
t h e  p r e d i c t e d  a n d  o b s e r v e d  h o r i z o n t a l  g r o u n d  m o v e m e n t s  a r e  
i n  g o o d  a g r e e m e n t  i n  s h o w i n g  t h e  r a p i d  b u i l d  u p  o f  t r e n c h  
e n d  r e s t r a i n t .  T h e  v e r t i c a l  m o v e m e n t s ,  a l t h o u g h  s m a l l e r  
i n  m a g n i t u d e  s e e m  t o  b e  o f  a  s i m i l a r  n a t u r e .
T h e  f o l l o w i n g  b r o a d  c o n c l u s i o n s  m a y  b e  d r a w n  f r o m  t h i s
s t u d y :
( i )  S u f f i c i e n t  c a r e  s h o u l d  b e  a p p l i e d  i n  i n t e r p r e t i n g  
d a t a  f r o m  f i n i t e  e l e m e n t  m o d e l s  o n  a  q u a n t i t a t i v e  
b a s i s  d u e  t o  t h e  t i m e  d e p e n d e n c y  o f  t h e  s o i l  s t i f f ­
n e s s  ( B u r l a n d  e t  a l ,  1 9 7 9 )  a n d  c o n s e q u e n t l y  t h e  
t i m e  d e p e n d e n c y  o f  t h e  g r o u n d  m o v e m e n t s .
( i i )  A n  a n a l y t i c a l  s i m u l a t i o n  o f  t h e  p r o b l e m  o f  t r e n c h  
e x c a v a t i o n s  u s i n g  t w o  d i m e n s i o n a l  f i n i t e  e l e m e n t  
m o d e l s  i s  s u b j e c t  t o  l i m i t a t i o n s  d u e  t o  t h e  t h r e e  
d i m e n s i o n a l  n a t u r e  o f  t h e  d i s p l a c e m e n t  v e c t o r s  
i n  t h e  f i e l d .  I n  p a r t i c u l a r ,  t h e  i n a b i l i t y  o f  
t h e s e  m o d e l s  t o  s i m u l a t e  t h e  e f f e c t  o f  t h e  
b o t t o m  o f  t h e  t r e n c h  o n  t h e  g r o u n d  m o v e m e n t s  
i s  s h o w n  i n  F i g .  1 .
( i i i ) .  G o o d  q u a l i t a t i v e  c o m p a r i s o n s  c a n  b e  m a d e  b e t w e e n  
t h e  o b s e r v e d  g r o u n d  m o v e m e n t s  a n d  t h e  m o v e m e n t s
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o b t a i n e d  u s i n g  l i n e a r - e l a s t i c  t h r e e  d i m e n s i o n a l  
f i n i t e  e l e m e n t  m o d e l s .
( i v )  T h e  t r e n c h  e n d  r e s t r a i n t  a f f e c t s  c o n s i d e r a b l y  
t h e  p a t t e r n  o f  h o r i z o n t a l  a n d  v e r t i c a l  g r o u n d  
m o v e m e n t s .
R E F E R E N C E S
J . B .  B u r l a n d ,  B .  S i m p s o n ,  H . D .  S t .  J o h n  -  M o v e m e n t s  a r o u n d  
e x c a v a t i o n s  i n  L o n d o n  C l a y ,  P r o c e e d i n g s  7 t h  E u r o p e a n  
C o n f e r e n c e  o n  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  E n g i n e e r i n g ,  
B r i g h t o n ,  ( 1 9 7 9 ) ,  1 3 - 2 9 .
J . B .  B u r l a n d  a n d  J . F . A .  M o o r e  -  T h e  m e a s u r e m e n t  o f  g r o u n d  
d i s p l a c e m e n t  a r o u n d  d e e p  e x c a v a t i o n s ,  P r o c e e d i n g s  o f  
S y m p o s iu m  o n  F i e l d  I n s t r u m e n t a t i o n ,  ( 1 9 7 3 ) ,  B u t t e r w o r t h s ,  
7 0 - 8 4 .
M . J .  C r e e d  -  A n a l y s i s  o f  t h e  d e f o r m a t i o n s  a s s o c i a t e d  w i t h
d i a p h r a g m  w a l l s ,  P h . D .  t h e s i s ,  U n i v e r s i t y  o f  S u r r e y  ( 1 9 7 9 ) .
J . E .  C r o f t s ,  B . K .  M e n z i e s  a n d  A . I .  T a r z i  -  L a t e r a l  d i s p l a c e ­
m e n t  o f  s h a l l o w  b u r i e d  p i p e l i n e s  d u e  t o  a d j a c e n t  d e e p  
t r e n c h  e x c a v a t i o n s ,  G e o t e c h n i q u e  2 7 ,  N o .  2 ,  ( 1 9 7 7 ) ,
1 6 1 - 1 7 9 .
K . W .  C o l e  a n d  J . B .  B u r l a n d  -  O b s e r v a t i o n  o f  r e t a i n i n g  w a l l  
m o v e m e n t s  a s s o c i a t e d  w i t h  a  l a r g e  e x c a v a t i o n ,  P r o c e e d i n g s  
5 t h  E u r o p e a n  C o n f e r e n c e  o n  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  
E n g i n e e r i n g ,  M a d r i d ,  ( 1 9 7 2 ) ,  V o l .  1 ,  4 4 5 - 4 5 3 .
J . E .  G u m b e l  a n d  J .  W i l s o n  -  O b s e r v a t i o n s  o f  g r o u n d  m o v e m e n t  
a r o u n d  a  t r e n c h  e x c a v a t i o n  i n  L o n d o n  C l a y ,  2 n d  C o n f e r e n c e  
o n  G r o u n d  M o v e m e n t s  a n d  S t r u c t u r e s ,  C a r d i f f ,  ( 1 9 8 0 ) .
J .  H u d e r  -  D e e p  b r a c e d  e x c a v a t i o n  w i t h  h i g h  g r o u n d  w a t e r  l e v e l ,  
P r o c e e d i n g s  7 t h  I n t e r n a t i o n a l  C o n f e r e n c e  o n  S o i l  M e c h a n i c s  
a n d  F o u n d a t i o n  E n g i n e e r i n g ,  M e x i c o ,  ( 1 9 6 9 ) ,  4 4 3 - 4 4 8 .
R . B .  P e c k  -  D e e p  e x c a v a t i o n s  a n d  t u n n e l l i n g  i n  s o f t  g r o u n d ,  
P r o c e e d i n g s  7 t h  C o n f e r e n c e  o n  S o i l  M e c h a n i c s  a n d  F o u n d a t i o n  
E n g i n e e r i n g ,  M e x i c o ,  S t a t e  o f  t h e  A r t  R e p o r t ,  ( 1 9 6 9 )
2 2 5 - 2 9 0 .
N . E .  S im o n s  -  N o r m a l l y  c o n s o l i d a t e d  a n d  l i g h t l y  o v e r c o n s o l i ­
d a t e d  c o h e s i v e  m a t e r i a l s ,  P r o c e e d i n g s  B r i t i s h  G e o t e c h n i c a l  
S o c i e t y  C o n f e r e n c e  o n  S e t t l e m e n t  o f  S t r u c t u r e s ,  S e s s i o n  I I ,  
G e n e r a l  R e p o r t ,  ( 1 9 7 4 ) ,  P e n t e c h  P r e s s ,  5 0 0 - 5 3 0 .
B .  S i m p s o n ,  N . J .  0 ’ R i o r d a n ,  a n d  D . D .  C r o f t  -  A  c o m p u t e r  m o d e l  
f o r  t h e  a n a l y s i s  o f  g r o u n d  m o v e m e n t s  i n  L o n d o n  C l a y ,  
G e o t e c h t d q u e  2 9 ,  N o .  2 ,  ( 1 9 7 9 )  1 4 9 - 1 7 5 .
H . D .  S t .  J o h n  -  F i e l d  a n d  t h e o r e t i c a l  s t u d i e s  o f  t h e  b e h a v i o u r  
o f  g r o u n d  a r o u n d  d e e p  e x c a v a t i o n s  i n  L o n d o n  C l a y ,  P h . D .  
t h e s i s ,  U n i v e r s i t y  o f  C a m b r i d g e ,  ( 1 9 7 5 ) .
M . J .  T o m l i n s o n  -  F o u n d a t i o n  d e s i g n  a n d  c o n s t r u c t i o n ,  T h i r d  
E d i t i o n ,  L o n d o n  :  P i t m a n  ( 1 9 7 5 ) .
T r a n s p o r t  a n d  R o a d  R e s e a r c h  L a b o r a t o r y  -  G r o u n d  m o v e m e n t s  a n d  
t h e i r  i n f l u e n c e  o n  b u r i e d  p i p e s ,  T R R L  L e a f l e t  L F 6 8 1 ,  ( 1 9 7 8 ) .
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